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Abstract 
 
Ice-walled lake plains (IWLPs) form along glacial margins in areas of stagnating ice. In Illinois, 
IWLPs tend to have low relief (<7m) and were formed during the last deglaciation of the Lake Michigan 
lobe (20,800 to 16,000 cal. yr BP).  Past research on IWLPs in Illinois has focused on developing the 
chronology of ice stagnation by obtaining radiocarbon ages of tundra plant fossils deposited within the 
IWLP sediments.  The goals of the present study were to: i) determine the rate of expansion of a single 
IWLP, ii) detail the sedimentology of the IWLP and iii) propose a depositional model for development of 
the IWLP.  The study was conducted on a single IWLP in Newark, Illinois, located in the Marseilles 
Morainic System. 
Seventeen radiocarbon ages of tundra plant macrofossils were obtained from cores sampled 
across the lake basin.  The age range verifies the values obtained from an adjacent IWLP; the mean 
pooled ages indicate the basin developed at about 21,150 cal. yr BP and was drained shortly after 20,760 
cal. yr BP.  The ages obtained from samples of the basal lacustrine facies were statistically similar across 
the lake basin, implying that the lake expanded to near its maximum diameter within 106 years (the sigma 
one error of the mean pooled ages).  Coring, particle size analysis, clay mineralogy and study of the 
sedimentology revealed five distinctive facies, with facies one being the oldest and facies five the 
youngest. Facies one is a matrix-supported silt loam diamicton that contains abundant illite and few 
expandable clay minerals.  Facies one is draped by a lag of sand and gravel (facies two) that was 
deposited by a combination of the calving and melt-out of debris-rich ice that formed the basin sides.  
Facies three is lacustrine in origin as inferred from its rhythmic bedding and fossil lacustrine ostracodes.  
The laminae were mainly deposited through grain settling from hypopycnal density currents, with the 
particle settling velocities revealing that the laminae were deposited in a short period of time (perhaps 
weekly or monthly), while cumulative settling times reveal longer periods of non-deposition.  These 
rhythmically-bedded laminae, that have previously been thought to be annual varves, appear to have clay 
layers that are too thin and inconsistent for annual varves.  The fourth facies is also considered lake 
sediment for the same reasons as facies three, but facies 4 also contained thicker sand beds.  Bedforms 
and scours within these sands were formed from hyperpycnal density currents whilst the laminae within 
facies four are attributed to hypopycnal flows.  Facies five caps the lake basin and is the loess that was 
deposited at the end of the Wisconsin glaciation. A depositional model for the development of the ice 
walled lake (IWL) is proposed that conjectures the lake may have originated within a remnant moulin 
within a crevasse. 
   
 
iii 
 
Acknowledgements 
 I would like to give my utmost thanks to my advisor, Brandon Curry, for his excitement and 
enthusiasm for my project.  His support and commitment made this not only a great project but also a 
great learning experience.  I would also like to thank my co-advisor, Jim Best, for taking on my project 
and providing valuable discussions and enthusiasm.  Thank you to Alison Anders for also taking the time 
to review my thesis and providing valuable comments on my final draft.  I would like to thank the Illinois 
State Geological Survey for funding my assistantship and for providing financial and logistical support 
for field activities and laboratory expenses. 
 Thank you to Dr. Mike Konen from the Northern Illinois University for running pipette analyses, 
helpful discussions, and general interest in my project.  I would also like to thank Shane Butler, from the 
ISGS, for running my clay samples and showing me how to analyze my data.  Many thanks to Hue-Hwa 
Hwang for running additional pipette samples on short notice.  Thanks to Jared Freiburg for helping with 
thin section analysis.  I would like to thank the Limnological Research Center (LRC) for remaining open 
over the weekend to scan all of my cores.  I would especially like to thank Anders Noren, Amy Myrbo, 
and Kristina Brady from the LRC.  I would also like to thank Chris Stohr, Drew Phillips and Steve Brown 
from the ISGS for their support during my time at Illinois.   
 Thanks to the students within the geology department, especially Eric Prokocki, Mauricio Perillo, 
Nathan Webb, Vineeth Madhaven, and Mary Seid for their constant support.  I would especially like to 
thank Eric Obrock for assisting with my core scanning at the LRC.  I would like to thank my mentor Dr. 
Julio Rivera, Carthage College, for always believing and supporting me on my journey into the field of 
geology.  I would also like to thank Dr. Jane Livingston for reigniting my love of geology and helping me 
through the graduate school process.  I would like to thank my field crew, Jack Aud, Travis Griest, 
Richard Padilla, Brandon Apperson, Aaron Blacker, and Bob Bryant.   
 My biggest thanks go out to the landowners, Ted and Sandy Simpson, for allowing me to poke 
holes throughout their property.  Their generosity and enthusiasm for the project allowed for completion 
of the project.  I would like to thank my friends and family for all their support through life, especially 
Mom, Dad, Dave, Alice, Jared, Cassie, Dan, Chris, Heather, my Grandparents, the Stumpf Family, Meg 
Brewer, Mary Blair, and Amy Anderson.  I would like to especially thank Matt Stumpf for always 
supporting and believing in me and for his help in the field. 
iv 
 
Table of Contents 
 
CHAPTER 1: INTRODUCTION AND BACKGROUND .......................................................................... 1 
1.1 Introduction to Supraglacial Environments ........................................................................................ 1 
1.2 Glacial Lake Sedimentation ................................................................................................................ 3 
1.3 Glacial History of Illinois ................................................................................................................... 6 
1.4 Illinois Ice-Walled Lake Plains ......................................................................................................... 11 
1.5 Characteristics of Ice-Walled Lake Plains ........................................................................................ 13 
1.6 Framework of Study ......................................................................................................................... 24 
1.7 Study Site .......................................................................................................................................... 25 
 
CHAPTER 2: METHODS .......................................................................................................................... 27 
2.1 Coring ............................................................................................................................................... 27 
2.2 Laboratory Analysis of Lake Sediment ............................................................................................ 31 
2.3 AMS Radiocarbon Age Determinations ........................................................................................... 40 
 
CHAPTER 3: RESULTS ............................................................................................................................ 43 
3.1 Overview ........................................................................................................................................... 43 
3.2 Radiocarbon Ages ............................................................................................................................. 44 
3.3 Lake Morphology .............................................................................................................................. 47 
3.4 Sedimentary Facies ........................................................................................................................... 47 
3.5 Facies Interpretation .......................................................................................................................... 74 
 
CHAPTER 4: DISCUSSION ...................................................................................................................... 82 
4.1 Radiocarbon Ages ............................................................................................................................. 82 
4.2 Depositional Model ........................................................................................................................... 84 
 
CHAPTER 5: SUMMARY AND CONCLUSIONS .................................................................................. 94 
5.1 Future Work ...................................................................................................................................... 96 
 
REFERENCES ........................................................................................................................................... 98 
 
APPENDIX A: CORE DESCRIPTIONS AND STRATIGRAPHIC LOGS ............................................ 103 
A.1 Core Descriptions ........................................................................................................................... 103 
A.2 Additional Stratigraphic Logs ........................................................................................................ 121 
 
APPENDIX B: GRAIN SIZE DATA FROM PIPETTE ANALYSIS AND PETROGRAPHY .............. 127 
B.1 Pipette Analysis Data ..................................................................................................................... 127 
B.2 Petrographic Analysis Data ............................................................................................................ 131 
 
APPENDIX C: X-RAY DIFFRACTION DATA ..................................................................................... 148 
 
APPENDIX D: SETTLING VELOCITIES .............................................................................................. 156 
D.1 Settling Velocities for Quartz Grains ............................................................................................. 156 
D.2 Settling Velocities for Dolomite Grains ......................................................................................... 164 
1 
 
CHAPTER 1: INTRODUCTION AND BACKGROUND 
1.1 INTRODUCTION TO SUPRAGLACIAL ENVIRONMENTS 
Ice-walled lake plains are mound-shaped landforms formed in supraglacial environments 
along glacial margins.  The supraglacial environment is characterized by the upper surface of 
active ice that is seasonally influenced or stagnant ice that is covered in supraglacial material 
which protects the ice from melting or sublimation (Miller 1996; Figure 1.1).  In Quaternary 
continental ice sheets, supraglacial debris was derived from the base of the ice and was brought 
to the surface either by the stacking of debris-rich ice, thrusting of debris along shear planes 
within active ice near the margin, or by the thrusting and then melting of debris-rich ice (Johnson 
and Clayton 2005).  In modern environments, supraglacial material is transferred from the base 
of the ice below the equilibrium line, while above the equilibrium line the supraglacial material 
is provided from outcrops that peak out of the ice (Fitzsimons 1988).  The equilibrium line on a 
glacier is the area where ablation approximately equals accumulation or where the net mass 
balance is zero and the glacier maintains a constant mass (Miller 1996). All of these processes 
are manifestations of compressive flow which occurs at the margins of advancing glaciers.  
Situations that facilitate compressive flow include: 1) the movement of warm ice near the 
thicker, central parts of the glacier to areas where the glacier is frozen to the bed; 2) in glacier 
margins with up-glacier slopes, and 3) glacial surging (Johnson and Clayton 2005). 
 
Figure 1.1:  A schematic model of a supraglacial landscape (Evans 2005). 
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A series of processes occur as the stagnant ice melts, which starts with ablation that 
causes the englacial debris to be exposed on the surface (Johnson and Clayton 2005).  The rate of 
ablation is controlled by the insolation, albedo, geothermal heat, meltwater drainage and debris 
content within the ice.  As melting occurs, supraglacial lakes begin to form which expand by 
melting laterally and downward (Johnson and Clayton 2005).  Drainage of the meltwater will 
flow through crevasses within the stagnant ice, which can cause ice collapse to form sinkholes.  
The water level in these sinkholes is controlled by the groundwater system within the stagnant 
ice (Johnson and Clayton 2005).  Supraglacial debris insulates the stagnant ice and moisture in 
the interstices of the debris that undergoes annual freeze/thaw cycles is effectively the active 
layer in dead-ice permafrost (Evans 2009).  The active layer is hydrologically independent of 
moisture deeper in the stagnating ice.   
Landforms associated with supraglacial landsystems include hummocks, ring forms, 
dump moraines, outwash fans, disintegration ridges and ice-walled lake plains (Johnson and 
Clayton 2005; Figure 1.1).  The most common landform found within this land system is the 
hummock (Figure 1.2), which is a round to elongate feature that is conical or flat topped with 
interspersed depressions, and can occur in groups with generally no preferred orientation 
(Johnson and Clayton 2005).  The topographic relief of hummocky terrain is variable, and in 
Illinois, is generally less than 15 m.  Hummocks are composed of both diamicton and water-
washed sediment (Johnson and Clayton 2005). 
 
Figure 1.2:  Possible hummock formation within the supraglacial land system in Wisconsin (Johnson and 
Clayton 2005). 
3 
 
Ring forms are low relief, circular ridges with central depressions formed by the upward 
flow (“pressing”) of till into a glacier sinkhole (Gravenor and Kupsch 1958; Eyles et al., 1999; 
Johnson and Clayton 2005).  Dump moraines form at glacier margins as supraglacial material is 
transported (“dumped”) off the terminal glacial margin as a flow till or outwash.  Outwash fans 
or „hochsandur‟ fans are fine-grained fans composed of horizontally-stratified sands with some 
gravel lenses (Johnson and Clayton 2005).  Disintegration ridges form where supraglacial 
material is deposited in crevasses on the ice surface, and may result in linear to hummocky 
landforms that resemble a box-work pattern.  Disintegration ridges can also be filled by till that 
is squeezed up from a subglacial position (Johnson and Clayton 2005).  Detailed description of 
ice-walled lake plains will be explained in a later section.   
1.2 GLACIAL LAKE SEDIMENTATION 
Glacial lakes are common on glaciated landscapes, and two major types occur: i) an ice-
contact or proximal lake, where the lake has some contact with the ice, and ii) distal lakes, which 
are located away from the ice and fed by outwash streams (Miller 1996).  The factors that affect 
processes and sedimentation in glacial lakes are thermal stratification of the lake, proximity to 
the ice, and seasonality of inflowing meltwater (Miller 1996).  Thermal stratification is well-
developed in distal lakes but is likely insignificant in ice-contact lakes because the water in the 
lake and the water from the meltwater are continuously at 4
o
C (Miller 1996).   
Sediment is delivered to glacial lakes, including ice-walled lakes, by meltwater streams 
(Ohlendorf et al., 1997), spring inflow, or melting of slumped debris and icebergs.  Springs may 
flow into the lake above or below the lake surface via subglacial or englacial conduits, while 
streams that enter from the surface can form prograding deltas (Kenney 1975; Theakstone 1975; 
Miller 1996).   
The carrying capacity of streams is dependent upon temperature and precipitation, 
especially in the summer (Ohlendorf et. al., 1997).  Ohlendorf et. al. (1997) saw that an increase 
in precipitation causes turbidite deposits to form because of an increase in water and sediment 
delivery to the lake.  The turdidites likely resulted due to density differences between the 
ambient lake water and the incoming meltwater.  Density currents can be sensitive to varying 
interactions with climate and hydrologic events (Weirich 1986).  Weirich (1986) found two types 
of density currents occurring: surge-type underflows and continuous underflows.  Surge type 
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underflows contain high initial concentrations of sediment that are usually associated with 
slumping or other rapid disturbances, while continuous underflows have lower concentrations of 
sediment and a stable input from streams and rivers (Weirich 1986). 
Fluvial sediment comes into the lakes as coarse bedload and finer-grained suspended 
load; the grain-size characteristics of the load depend on the physical character of the source 
sediment  (grain size, density, etc.) and stream velocity.  As sediment enters the lake, the coarse 
material will settle out first while the finer sediment will be carried in suspension.  The grain size 
of the sediment will vary according to location, with the finer sediment near the outlet and the 
coarser sediment near the inlet (Kenney 1975).  The sediment load would vary temporally and be 
the largest at the end of the ablation period and would be smallest at the end of the winter period 
(Kenney 1975). 
Sediment is delivered and distributed in the lake by density currents and mass flows 
(Miller 1996).  The sediment may be deposited by density currents, which can involve settling 
and currents that move along the bottom.  Density currents occur when two fluids of different 
densities interact.  Fluid density is a function of temperature, and the concentration of dissolved 
materials and concentration of materials in suspension (Kenney 1975).  During late-glacial 
periods, the primary factor controlling density changes is in the concentration of suspended 
sediment because meltwater tends to have higher concentrations of sediment in suspension due 
to rapid melting of ice and the release of sediment (Kenney 1975).  Stokes law describes the 
settling of sediment in suspension for particle sizes less than 100µm (Kenney 1975).  The 
equation for Stokes‟ law is: 
     (1.1) 
where Vs is the settling velocity,  is the sediment density,  is the fluid density, g is the acceleration due 
to gravity, D is the grain diameter, and  is the molecular viscosity (Bridge and Demicco 2008).  Stokes 
law assumes that the particles are spherical and that there is no associated turbulance. 
Density currents move through the lake as overflows, underflows and interflows (Miller 1996; 
Simpson 1997; Kenney 1975).  Hyperpycnal flows are currents formed of high-density, sediment-laden 
fluid that move along the bottom of the lake and are seperated from the less-dense, sediment-free ambient 
lake water (Kenney 1975; Figure 1.3A).  Homopycnal flows move within the fluid of the lake because 
their density is greater than the density of the fluid above and less than the density of the fluid below 
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(Figure 1.3B).   Homopycnal may have velocites slower than underflows (Kenney 1975).  Hypopycnal 
flows are currents that move along the top of the lake and are the result of the density of the inflowing 
fluid being lower than that of the ambient lake fluid (Figure 1.3C).  Hypopycnal flows also tend to 
disperse finer grained sediment that settles out during the quiet winter period (Kenney 1975).  Sequeiros 
et al. (2009) ran a set of flume experiments using sand size particles and looked at the grain size sorting 
from density currents.  As the current moved away from the source, the associated deposits were thinner 
and there was a decrease in grain size.  As the current is lofted, which occurs when the current loses 
density due to deposition and is lofted to another horizon in the lake that has the same density, some of 
the finest particles were not deposited and flowed out through the outlet (Sequeiros et al., 2009).  As the 
particles settle, the sediment is normally graded (Sequeiros et al., 2009). 
 
Figure 1.3:  Sketches of different types of Hyperpycnal flows (A), Homopycnal flows (B), and 
Hypopycnal flows (C).  σi is the density of the incoming water and σa is the density of the ambient lake 
water. 
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Most silt and clay deposited in  proglacial lakes is laminated and may be varved.  Miller (1996) 
found that in basinal environments (glacier-fed lakes), that sediment is deposited by suspension and 
density currents.  Within these basins, Miller (1996) found that the laminated sediment is interrupted by 
turbidites with complete or incomplete Bouma sequences.  Laminites are horizontal, millmeter to 
submillimeter alternating layers of sediment (Talbot and Allen 1996).  Varves are sediment couplets 
composed of two contrasting sediment types that represent a year of deposition (Talbot and Allen 1996). 
Commonly, varves are marked by contrasting color and texture.  The light-toned, silt/ sand layer is 
deposited by spring and summer runoff, whereas the darker layer is from the fall-out of fine-grained 
suspended sediment (Talbot and Allen 1996; Wohlfarth and Possnert 2000).  Ascertaining if sediment 
couplets actually involve annual sedimentation is impossible in the ancient sediment record because most 
age-dating techniques, except perhaps in the case of historical varve counting, involve age-dating 
techniques with errors too great to resolve annual cycles.  The difference in radiocarbon ages of plant 
macrofossils and charcoal in a varved sequence can only ascertain if the span of years is consistent with 
annual sedimentation of varve couplets. 
1.3 GLACIAL HISTORY OF ILLINOIS 
During the Pleistocene, Illinois experienced three major glaciations which spanned from ~1.8Ma 
to ~12,500 years BP (Curry et al., 2010; USGS 2008).  The oldest period refers to a long period of 
interglacial and glacial cycles (the pre-Illinois Episode) which lasted from ~1.8 Ma to ~190,000 years BP.   
At least one glaciation occurred in Illinois prior to the Matuyama Magnetochron, about 780,000 years 
ago.  The penultimate glaciation, the Illinois Episode, occurred from ~190,000 to ~130,000 years BP.  
The Sangamon Episode is an interglaciation that occurred from ~130,000 to 55,000 years BP (Curry 
2008); during this time, the Sangamon Geosol (a stratigraphically significant paleosol) developed in 
Illinois Episode deposits.  The onset of the last glaciation (Wisconsin Episode) was about 55,000 years 
ago and marks when the Laurentide Ice Sheet re-entered the Mississippi River watershed (Curry et al., 
2010).  The Athens Subepisode is marked by deposition of loess which is classified as Roxana Silt.  One 
of the youngest Athens Subepisode deposits is the Robein Member, and it is composed of organic-rich 
silt, including abundant wood fragments that date from primarily 33,000 to 23,000 C-14 yr BP (Curry 
2008).  During the last glaciation, the glaciers initially flowed across proglacial outwash and lake 
sediment, and occasionally, the Robein Member.  Wood fragments from this deposit are occasionally 
found in deposits of the last glaciation (Curry and Follmer 1992). 
During the Wisconsin Episode, the southern margin of the Laurentide Ice Sheet (LIS) was 
characterized by different glacial lobes that were topographically controlled and developed extensive end 
moraine systems (Figure 1.4; Dawson 1992).  The ice lobe that flowed into Illinois is known as the Lake 
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Michigan lobe.  Unlike most glacial deposits worldwide, deposits of the southern margin of the LIS 
(including the Lake Michigan lobe) are matrix supported with matrix textures ranging from silty clay to 
sandy loam (investigators of these deposits use the textural classification of the United States Department 
of Agriculture (Buol et al 2003)).  The matrix texture of glacigenic diamicton is an important criterion in 
lithostratigraphic classification. Typically, a unit will have uniform textures across a restricted geographic 
region that includes a moraine and its associated ground moraine (Willham et al., 1971). 
Diachronic units are used for temporal classification of glacial deposits in Illinois (Hansel and 
Johnson 1996).  A diachronic unit is based on a material referent, which in Illinois is the unique moraine-
forming diamictons.  The primary difference between diachronic and geochronologic units is the nature of 
the boundaries separating the units (Hansel and Johnson 1996).  Time boundary values may change from 
section to section in diachronic classification, whereas time boundaries are fixed with geochronologic 
classification.    
 
Figure 1.4:  Extent of the Laurentide Ice Sheet in Illinois and glacial lobes in the lower Midwest 
(Curry 2008). 
 
Within the Wisconsin Episode, two subepisodes occurred within Illinois, termed the Athens and 
Michigan Subepisodes.  The period relevant to the present study is the Michigan Subepisode, which 
occurred from 29,000 to 14,670 cal yr BP.  In Illinois, the Michigan Subepisode is comprised of six 
phases: Marengo, Shelby, Putnam, Livingston, Woodstock, and Crown Point Phases (Table 1.1).   
The Marengo phase occurred from 29,000 to 27,200 cal year BP (Curry 2008; Table 1.1; Figure 
1.5) when the Harvard sublobe formed the Marengo Moraine and deposited the sorted sediment and 
diamicton of the Tiskilwa Formation (Curry 2008).  The Tiskilwa Formation deposits are characterized 
by loam and clay loam diamicton.  The Marengo Phase ended as the Harvard sublobe became isolated by 
N 
120 km 
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the Princeton sublobe during the Shelby phase (27,200 to 24,000 cal years BP (Curry 2008; Table 1.1; 
Figure 1.5)).  During this phase the Bloomington Morainic System was deposited and represents the 
southern-and- westernmost extent of ice during the Wisconsin Episode.  The movement of ice southwest 
probably occurred from interaction of the Lake Michigan lobe with the Huron-Erie lobe (Wickham et al., 
1988; Curry 2008).  After deposition of the Bloomington Morainic System, the ice retreated about 30 km 
only to readvance during the Putnam phase to form the Arlington Moraine from 24,000 to 22,000 cal 
years BP (Curry 2008; Table 1.1; Figure 1.5).  During this time, the Harvard sublobe was stagnating 
(Curry and Yansa, 2004). 
The Livingston Phase occurred from 22,000 to 20,000 cal years BP (Table 1.1; Figure 
1.5).  The diamicton deposited during the Livingston Phase is known as the Yorkville till 
member which is a clayey, greenish-gray to dark-gray till (Killey 1982).  The sublobe then 
retreated to an unknown location and readvanced as the Peoria sublobe and deposited the 
Marseilles Morainic System which is where the ice-walled lake plain of this study occurs (Curry 
2008; Figure 1.6).  This system is made up of the Norway Moraine and the Ransom Moraine 
(Killey 1982).  The Woodstock Phase occurred after the Livingston phase around 20,000 to 
18,150 cal years BP (Curry 2008; Table 1.1; Figure 1.5), formed the Woodstock and lower part 
of the West Chicago Moraines, which is composed of a sandy till called the Haeger member 
(Curry 2008).   
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Figure 1.5:  Map of Illinois with glacial margins mapped according to the different glacial phases in 
Illinois.  The dashed lines show the possible location of the sublobes.  Sublobe boundaries are marked by 
the red lines.  Adapted from Curry (2008). 
 
 
Figure 1.6:  Ice boundary (marked in blue) for early Livingston Phase (Curry 2008).  The study site 
for the project is marked. 
N 
10 
 
T
ab
le
 1
.1
: 
Il
li
n
o
is
 g
la
ci
al
 p
h
as
es
 t
h
at
 o
cc
u
rr
ed
 d
u
ri
n
g
 t
h
e 
W
is
co
n
si
n
 E
p
is
o
d
e.
  
T
h
e 
ag
es
 d
en
o
te
 t
h
e 
b
eg
in
n
in
g
 o
f 
th
e 
p
h
as
e.
  
A
d
ap
te
d
 
fr
o
m
 C
u
rr
y
 (
2
0
0
8
).
 
11 
 
The Kankakee torrent occurred around the transition of the Woodstock and Milwaukee Phases 
(Curry 2008) and was responsible for cutting three erosional channels into the Marseilles Morainic 
System.  Originally thought to be a single event (Ekblaw and Athy 1928), several “torrents” likely formed 
the deposits and landforms attributed to the Kankakee Torrent, such as large point bars in the Illinois 
River (Hajic and Curry 2008).  During the Crown Point Phase, the Joliet sublobe readvanced to form the 
Valparaiso Morainic System which borders Lake Michigan (Curry 2008; Table 1.1; Figure 1.5).  The last 
phase is the Glenwood Phase which occurred from 16,700 to 14,670 cal years BP and during which the 
Lake Michigan lobe retreated from Illinois and Glacial Lake Chicago formed.  Overflow from Glacial 
Lake Chicago formed the Chicago outlet across the Tinley Moraine and the Valparaiso Morainic System 
(Hansel and Mickelson 1988; Curry 2008). 
The Hudson Episode occurred after the loess sedimentation ceased after the Wisconsin Episode, 
and these deposits are characterized by alluvium and flood plain deposits (Curry 2008; Table 1.1). 
1.4 ILLINOIS ICE-WALLED LAKE PLAINS 
Flemal et al. (1973) described the DeKalb mounds in the low area between the Arlington and 
Shabbona moraines in DeKalb and Kane counties, Illinois.  The mounds range in size from 10 to 1200 
meters across and have a height of 1 to 5 meters.  Flemal et al. (1973) found that the DeKalb mounds tend 
to occur in clusters and that some overlapped each other.  Looking at a series of cores from the Soil 
Conservation Service, Flemal et al. (1973) defined four types of material within the mounds: i) modern 
soil in Richland loess, ii) bands of sand and gravel, iii) finely laminated silt and clay, and iv) the Tiskilwa 
till (Flemal et al., 1973). 
Flemal et al. (1973) proposed two hypotheses for the formation of the DeKalb Mounds.  The first 
hypothesis was the mounds may be ice-walled lake plains.  According to Flemal et al. (1973), the 
occurrence of laminated fines indicated that the mounds may have formed in ice-walled lakes but other 
characteristics, such as the mounds occurring on outwash and the overlapping mounds, were not 
consistent with this hypothesis because this would indicate that the ice was completely melted during 
mound formation.  Flemal et al. (1973) also found no other ice stagnation features, such as kames or 
eskers, on the landscape, which would have indicated the ice was near the area during the mound 
formation, but not in contact with the mounds.  The second hypothesis is that the mounds are remnants of 
pingos, dome-shaped mounds developed in permafrost from the uplifting of a layer of frozen ground by 
the pressure of groundwater freezing and forming large ice lenses (Davis 2001).  As the ice within pingos 
begins to melt and collapse, a depression commonly forms on the top of the mound and lakes develop 
within the depression.  Flemal et al. (1973) suggested that permafrost dominated the landscape, finding 
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other features attributed to permafrost, such as ice- wedge casts and solifluction lobes.   Due to the 
permafrost evidence, Flemal et al. (1973) preferred the pingo theory. 
 Iannicelli (2003) reviewed the work of Flemal et al. (1973) and disagreed with the pingo 
hypothesis, siding with the ice-walled lake plain hypothesis.  Iannicelli (2003) interpreted that the DeKalb 
Mounds were not formed in a permafrost environment but in dead glacial ice by comparing the mounds to 
others that were similar in Canada and North Dakota.  The DeKalb mounds had the same geomorphic and 
stratigraphic signature as other mounds in North America, suggesting the deposits were formed from 
glacial dead-ice and mass movements (Iannicelli 2003). 
Curry et al. (2008) agreed with the hypothesis of dead ice origin and cross-sections based on 
coring transects and ostracode assemblages in the laminated lake sediments, strongly indicated that the 
DeKalb mounds were formed in ice-walled lakes.  Curry et al. (2008) found the nature of the sediment 
within the mounds is similar to that described by Flemal et al. (1973) and that the laminated lake sediment 
contained tundra plant fossils that could be dated using radiocarbon dating.  Curry et al. (2008) also found 
that these mounds were not only present in DeKalb, but also along the Gilman, Tinley and Woodstock 
Moraines and within the Marseilles Morainic System.  The deglacial portion of the time-distance diagram 
for the Lake Michigan lobe has been modified based on new radiocarbon ages from fossils preserved in 
these ice-walled lake plains (Figure 1.7).  The basal age from individual IWLPs indicates when the glacier 
began to stagnate.  Notably, the radiocarbon ages from this succession of ice-walled lakes do not overlap 
(Figure 1.7).  
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Figure 1.7:  Time-space diagram created from dates of IWLP in Illinois.  The diagram shows the 
southern-most advance and subsequent re-advances and retreats during different glacial phases in Illinois 
(Curry et al., 2010). 
1.5 CHARACTERISTICS OF ICE-WALLED LAKE PLAINS 
 
1.5.1 Type and Formation 
Ice-walled lake plains (IWLPs) form during the last stages of deglaciation and are found in areas 
of hummocky topography.  Clayton and Cherry (1967) were the first to discover and study IWLPs in the 
USA.  How the lakes begin to develop is unknown but their formation may begin with a low area on the 
glacial ice, such as an old moulin or crevasse.  IWLPs also could form where supraglacial sediment is 
irregular or thinner than the surrounding glacier surface (Clayton et al., 2008).  No matter how they form, 
the distribution of IWLPs is random along end moraines during the Wisconsin Episode (Clayton et al., 
2008).  As the lake developed, the expansion of the hole was due to melting from latent heat released 
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when water freezes  (Ham and Attig 1996).  Once the lake was established, the sides were surrounded by 
ice while the base was on till from the last glacial advance. 
Ham and Attig (1996) argued that the active layer insulated the underlying dead-ice and 
prevented it from melting, allowing the IWLs to persist for long, but unspecified periods of time.  The 
stagnant glacial ice becomes permafrost when the melting of the ice generates enough supraglacial 
material to equal an active layer thickness of ~1 m (Evans 2009; Ham and Attig 1996).  The active layer 
is the soil mantle with moisture that undergoes annual freezing and thawing (Davis 2001).  The longevity 
of IWLs on the glaciated landscape has been recently revealed by Curry et al. (2010). 
The final step in the genesis of an IWLP is the melting of the dead-ice permafrost.  The removal 
of the ice-walls that once circumscribed the basin and dammed the lake and upper sediment result in 
topographic inversion- the IWLs that were topographically-low features on the landscape formed by 
dead-ice permafrost become plains that form topographically-positive features.  In some places, IWLPs 
are the highest points on the landscape.  Collapse of the surrounding permafrost is not instant but is time 
transgressive.  Clayton et al. (2008) argue that the collapse may not have happened until the beginning of 
the Holocene when climate began to warm.  However, this does not apply to IWLs in Illinois, since dating 
of IWLPs show that collapse occured before the ice readvanced to form another end moraine.  Dates from 
Curry et. al. (2008) on the Marseilles Moraine show that IWL collapse occurred around 21,000 cal year 
BP, which is well before the Pleistocene/Holocene transition at about 14,600 cal year BP. 
Clayton and Cherry (1967) proposed two end-member process-based IWLPs: unstable and stable 
environment lakes (Figure 1.8), with the difference between the two types possibly depending on the 
paleohydrologic configuration.  Unstable lakes may be hydrologically open, while stable lakes are 
hydrologically closed.  The lake level of the latter is controlled by water levels in crevasses that intersect 
the lake. Hydrologically-open IWLs may not last as long as hydrologically-closed lakes because there 
would be more thermal erosion as more water moved through the system.  Also Clayton and Cherry 
(1967) envisioned a thinner, less insulating active layer for unstable lakes.  
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Figure 1.8:  Diagrams of A) unstable-environment lakes and B) stable-environment lakes 
(Clayton and Cherry 1967; Syverson 2007). 
Unstable-environment lakes open up rapidly and then collapse within a short period of time 
(Figure 1.8A).  This collapse could be due to thin stagnant glacial ice, increased warming or a thin active 
layer that does little to insulate the dead-ice.  Such lakes form under thin supraglacial till that does not 
insulate the ice and allows for rapid melting.  Since the ice was unstable and constantly changing, it 
allowed slumps of supraglacial till to flow into the lake (Clayton and Cherry 1967).  As the sides of the 
basin began to melt, the supraglacial material on the sides began to slump or drop into the lakes.  The 
rapidly-changing landscape also allows for increased amounts of meltwater to move through the system 
which causes coarse sands and gravels to accumulate around the edges of the basin, while finer suspended 
particles settled in the center of the basin or bypassed the basin completely (Clayton and Cherry 1967).  In 
planform, these lakes tend to have rims of till and gravel, are concave upward and round (Clayton and 
Cherry 1967).  The finer particles in the middle of the lakes compress more than the coarser edges, while 
the slumps from supraglacial till produce the rims.  The planform shape is created from shoreline activity 
and meltwater streams because they tend to remove any irregularities.  Unstable lakes also occur in 
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topographically low areas that did not allow plant and animal activity to develop because of the lack of 
time for development (Clayton and Cherry 1967).   
Stable-environment lakes form over longer periods of time where the supraglacial till is thick 
which insulates the stagnant ice and becomes permafrost (Clayton and Cherry 1967; Figure 1.8B).  
Compared to unstable-environment lakes, there was little change in ice topography and less meltwater 
flow through (Clayton and Cherry 1967).  Stable lakes form in areas of siltly, clayey supraglacial till 
where the stagnant ice has little relief because the small changes in topography stabilized the supraglacial 
till and there were few mass movements.  Because of the lack of mass movements, the meltwater streams 
allowed only very fine particle sizes to settle within the lakes, such as very fine silt and clay.  In planform, 
stable-environment lakes are convex upward, and do not have rims (Clayton and Cherry 1967) due to the 
limited amount of mass movement.  The lake sediment within stable-environment lakes tends to be 
thicker because of the longer period of time they were on the landscape.  Clayton and Cherry (1967) also 
found stable-environment lakes are perched above the surrounding stagnant-ice landscape, which allowed 
plants and animals to establish within the surrounding environment.  This is important because the plants 
and animals can provide insight on the environmental conditions at the time and can also provide material 
for radiocarbon dating.  Although Clayton et al. (2008) have dated some organics within North Dakota 
IWLPs, most of the dates come from the top of the succession and little is known about if there is datable 
material throughout  IWLP deposits in North Dakota. 
1.5.2 Occurrence 
Ice-walled lake plains occur in many places along the southern edge of the Laurentide Ice Sheet, 
as well as in Canada, Sweden, Denmark, Germany, Russia, and Alaska.  Within the Midwest USA, 
IWLPs have been found in North Dakota (Turtle Mountains and Missouri Coteau), Wisconsin (Chippewa 
and Wisconsin Valley Lobes), Minnesota (west flank of Des Moines Lobe and on the Prarie Coteau), 
South Dakota (Missouri Coteau and Prairie Coteau), Iowa (along the Des Moines Lobe) and Illinois 
(Clayton et al., 2008; Ham and Attig 1996; Syverson 2007, See Table 1.2; Figure1.9B).  In Illinois, 
IWLPs are found along the Gilman, Woodstock and Tinley Moraines and also along the Marseilles 
Moranic System (Curry 2008, Table 1; Figure 1.9).  Curry et al. (2008) found 2,200 IWLPs in Illinois 
(Figure 1.9A).  In Canada, IWLPs have been found in Manitoba, Alberta and Saskatchewan, and they are 
also found along the Missouri Coteau (Gravenor and Kupsch 1958; Johnson and Clayton 2005; Eyles et 
al., 1999). 
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Figure 1.9:  IWLP distribution in the Midwest United States.  A) IWLP distribution in Illinois  (Curry 
2008).  B) IWLP distribution in North Dakota, Minnesota and Wisconsin that have diameters larger than 
500 m (Clayton et al., 2008). 
 
In Europe, IWLPs are found in Denmark, Germany, Lithuania, and Sweden (Johnson and Clayton 
2005).  Today, there are a few modern analogs in Alaska, Siberia and Svalbard.  Within Alaska, IWLPs 
exist in the decaying ice of the Martin River, Malaspina and Bering glaciers (Clayton 1963; Curry 2008).  
Modern analogs are also found in Siberia along the decaying Kara ice sheet located on the Taymyr 
Peninsula (Alexanderson et al., 2001; Figure 1.10) and Svalbard within the Holmstrombreen glacier 
which stagnated shortly after the Little Ice Age (Schomacker and Kjaer 2007). 
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Figure 1.10:  Ice-walled lakes on the decaying Kara Ice Sheet on the Taymyr Peninsula in Siberia.  This 
figure also shows the variety of shapes and sizes that can occur. 
 
1.5.3  Shape and Size 
In plan view, ice-walled lake plains are circular, elliptical, or have merged forms.  In Illinois, the 
shape of IWLPs tends to be circular.  Figure 1.1 shows dimensional data of IWLPs in Illinois that have 
yielded radiocarbon ages, which shows that except for the DeKalb mounds, most lakes are circular 
(Figure 1.11).   
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Figure 1.11:  Length vs width of IWLPs in Illinois with chronological data (Curry et al.,2010). 
In terms of IWLPs worldwide, the diameter varies between ~10 m to 7 km (see Table 1.2) with 
IWLP areas ranging from 0.1 to 30 km
2
 and varying in relief from 2 to 60 m (Johnson and Clayton 2005).  
Clayton et al. (2008) found that the relief between IWLPs and the surrounding landscape is equal to, or as 
much as twice as high, as the surrounding hummocky till plain.  The type of IWLP may also determine 
the relief; for example, stable-environment IWLPs may have a greater reliefs because they are perched on 
the moraine while unstable-enviroment IWLPs may have lower reliefs because this collapse quickly after 
formation.  Table 1.2 references the location, size, relief and thickness of sediment of IWLPs studied to 
date within North America and Europe. 
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1.5.4  Sediment Fill 
Ice-walled lake plains are filled with rhythmically-bedded clay, silt or fine sand with a lag of sand 
and gravel near the edges (Curry 2008).  The rhythmically-bedded sediment is typically composed of 
alternating layers of very fine sand to coarse silt and silty clay (Figure 1.12).  A range of thicknesses, 1 m 
to 30 m of lake sediment, have been observed (Johnson and Clayton 2005).  Clayton et al. (2008) found 
that the thickness of the lake sediment is equal to or exceeds the relief of the IWLP and found the 
sediment is from the surrounding glacial bed.  In Illinois, the thickness of the lake sediment exceeds the 
relief of the IWLP and is grounded by a sand and gravel lag over till but this observation does not occur 
within all IWLP‟s and may only occur under more unstable conditions that result in a greater amount of 
mass movements (Curry 2008).  Eyles et al. (1999) and Curry et al. (2010) report examples of IWLPs 
with lake sediment thicknesses thinner than the relief of the plain; they attributed the thin thicknesses to 
deformation (“pressing” according to Eyles et al. (1999)) of the adjacent diamicton into the accomodation 
space.  Eyles et al. (1999) report that the lake sediment may be deformed, indicating that diapiric 
movement of the diamicton occurred during or after lacustrine deposition.  There has been little study on 
the deposition of the rhythmically-bedded sediment and if the rhythmically-bedded sediment represents 
one year of deposition (varves).   
 
Figure 1.12:  An example of a IWLP lake sediment from the DeKalb mounds.  One rhythmite is made up 
of a “coarse” layer of coarse silt/very fine sand and a “fine” layer of fine silt/clay (Curry 2008). 
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1.5.5  Climate and Paleoecology of IWLPs 
In Illinois, small macrofossils of tundra plants, such as Arctic bilberry (Vaccinium uliginosum ssp. 
alpinium), Arctic dryad (Dryas integrifolia) and snowbed willow (Salix herbacea) (Figure 1.13A and 
1.13B), have been found within the IWLP sediment  (Curry and Yansa 2006), which may be unique to 
Illinois due to the climate at the time. The fossils found include leaves, stems and calyx fragments (Figure 
1.13) and usually occur near the base and top of the sediment within the IWLP (Curry et al., 2010).  The 
macrofossils were transported to the lake by wind, flowing water, or by slumping (Curry 2008).  Aquatic 
plants, such as white water-crowfoot and white water-buttercup (Ranunculus cf. aquatilis), and slender-
leaved pondweed and filiform pondweed (Potamogeton filiformis), are also found within the lake 
sediment, which today, grow most abundantly in shallow water (Curry and Yansa 2006).  Clayton and 
Cherry (1967)  found many IWLPs existed during times of temperate climates by finding temperate 
boreal fossils near the surface of the IWLP.   
The supraglacial environments allowed small tundra plants, which tend to have most of their 
biomass below ground surface, to grow on the active layer of supraglacial sediment.  Large trees were not 
supported because of limited rooting space, and strong winds associated with tundra environments 
(Clayton et al., 2008).   
 
Figure 1.13: A) Drawing of Snowbed Willow (Salix herbacea) (Lindman 1964).  B)  Pictures of fossil 
Snowbed Willow: (top; from left to right) root fragments, calyx and root fragments; (bottom; left to right) 
leaf fragment, calyx and veins of a leaf. 
 
Other organisms have also been found within the lake sediment and include 28 varieties of mollusc, 
10 species of ostracods, and oogonia (part of the reproductive system of charophytes (Clayton et. al., 
2008).  The calcareous fossils are usually better preserved than plant macrofossils because they are not 
consumed by bacteria or secondarily dissolved in reducing environments.  Within Illinois IWLPs, Curry 
and Yansa  (2004) describe the following ostracodes in ice-walled lake deposits:  Cytherissa lacustris, 
1cm 
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Linmocythere friabilis, Linmocythere varia, Heterocypris sp., Fabaeformiscondona rawsoni, and 
Fabaeformiscondona caudata (Figure 1.14).  Modern analogs of ostracodes may be used to estimate 
characteristics of their host water such as temperature and salinity (Curry 2008).  The assemblage that is 
found within IWLP deposits in Illinois are similar to the assemblage found today below the thermocline 
in Lake Michigan, which live in water that has a temperature of ~4
o
C , total dissolved solids of             
165 mgL
-1
, and a water depth of 15 m or greater (Buckley 1975; Curry et al., 2010).  The water was also 
well-oxygenated and has a high proportion of dissolved carbonate, which is consistent with IWLP sites in 
Illinois (Curry et al., 2010). 
 
Figure 1.14:  Ostracode assemblage found in ice-walled lake deposits: Fabaeformiscondona caudata (top 
left), Limnocythere varia (top right), Limnocythere friabilis (bottom left), and Fabaeformiscandona 
rawsoni (bottom right). Cytherissa lacustris is also found but not pictured.   
 
1.5.6  Age 
Ice chronology has been determined using radiocarbon dates of tundra plant macrofossils within 
IWLP deposits in Illinois.  Ice chronology is achieved by dating the uppermost plant macrofossils, which 
provides a minimum age of melting of the stagnant ice and topographical inversion, and dating the bottom 
sediment, which signifies the initial stagnation of the ice (Curry 2008; Figure 1.7).  In North Dakota, the 
upper age of IWLP deposits were  determined from  mussel shells which yielded radiocarbon ages of 
13,500 ± 302 to 10,120 ± 399 cal. years BP (Clayton et al., 2008).  These ages should be independently 
verified because they may be effected by the hard water effect, which needs to be accounted for otherwise 
the dates will come out older because the animal can use bicarbonate from old sources when synthesizing 
its skeleton (Shotton 1972). 
In Illinois, Curry (2008) has dated IWLPs using tundra plant macrofossils (Figure 1.13).  By dating 
terrestrial plants, which get their carbon from the atmosphere, Curry (2008) thus avoided problems 
associated with the hard water effect.  The oldest IWLP deposits in Illinois are on the Marseilles Moranic 
Complex and have dates of 18,210 ± 60 and 17,760 ± 60 C-14 years BP (Curry 2008); the youngest 
1mm 
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IWLP deposit is on the Deerfield Moraine (part of the Lake Border Morainic System)  and has dates of 
13,910 ± 45 and 13,650 ± 40 C-14 years BP (Curry 2008).   
1.5.7  Sedimentology/Dynamics 
There has been little study on the sedimentology or dynamics of ice-walled lakes.  The main 
observations have compared the type of sediment and where it is located within the lake plain.  It is 
believed that the water enters the lakes through meltwater channels on the surface which can be observed 
in areal photographs of modern IWL‟s in Siberia.  In Wisconsin, Clayton et al. (2008) found evidence of 
deltas extending into the lake plain. 
Evidence of IWL meltwater streams and deltas has not been found in Illinois IWLPs but this may be 
due to lack of available outcrops.  Since there is a lack of delta deposits, this would suggest that the water 
is entering the lakes in some other way, such as subglacial drainage networks (Clayton 1963).  Clayton 
(1963) suggested that these drainage networks may behave similar to glacial uvallas which involve 
subglacial streams travelling  through tunnels into the lakes, then across a gravel bottom before exiting 
through another stream tunnel.  If subglacial tunnels are involved then several explanations are needed to 
determine what occurs if the channels freeze, when they would melt, and what deposits would be left 
behind. 
The source of water entering these lakes was determined by Curry et al. (2010) by testing the δ18O 
values from ostracode shells within the lake sediment.  The water type was determined by comparing the 
δ18O of precipitation from modern lakes and the δ18O of glacial meltwater to the δ18O from ostracode 
shells within the lake plains.  The results showed that the δ18O values for IWLPs were closer to the values 
expected for precipitation rather than to that of glacial meltwater (Curry et al., 2010). 
1.6 FRAMEWORK OF STUDY 
Within Illinois, IWLPs have been extensively dated to give a better idea about the state of decaying 
ice at the end of the last glaciation.  Other studies have focused on descriptive sedimentology, 
mineralogy, paleohydrology (Curry et al., 2010) and analysis of the flora and fauna (plant macrofossils 
and ostracodes (Curry and Yansa 2004)).  The present study will focus on the type of sedimentation that 
occurs within the lakes, and poses three main questions:   
1.  What causes initial formation of the lake?  Does the lake open at once or does it slowly expand to 
its final size? 
This question will be answered through the radiocarbon dating of a series of cores across the lake 
basin.  The top and bottom of the laminated sediment will be dated to constrain initial ice stagnation in the 
area.  First, the facies will be described and interpreted from the cores and second, representative plant 
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macrofossils are selected to determine the age of the facies.  The results will help guide future studies in 
choosing the best site or sites to determine the age of IWLP deposits. 
2.  What are the characteristics of the laminated sediment? 
IWLP successions will be characterized by thin sections, particle size analysis and clay mineralogy.  
Particle size analysis will look at each layer of the rhythmite to obtain an accurate grain size curve and 
settling times for individual grains will be calculated to determine the timing of sediment deposition.  The 
mineralogy of each facies will be established through point counting of thin sections and clay mineralogy, 
which is used to determine the source of the material.  The sediment accumulation rate of the rhythmite 
facies will allow assessment of the time span associated with deposition of the upper part of the lacustrine 
succession that is leached of materials suitable for radiocarbon dating. 
3.  What processes are responsible for depositing the sediment and can this information be used to 
create a depositional model?  Are the laminae varves? 
Question three will be answered by interpreting results from particle size analysis and 
sedimentology.  Grain settling times are determined on the major particle size classes within the 
rhythmically-bedded sediment and sedimentary structures will also be used for evidence of other types of 
sedimentation than settling.  The couplets will be counted between dated intervals to ascertain if the 
couplets are varves. 
1.7 STUDY SITE 
The present IWLP study site is located in Kendall County, Illinois (Figure 1.15), about three 
kilometers southeast of the town of Newark on the Marseilles Morainic System (Figure 1.16).  The 
IWLPs on the Marseilles moraine are located just north of the Newark overflow channel that was eroded 
by glacial lake overflow, possibly associated with an early phase of the Kankakee Torrent (Curry 2008). 
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Figure 1.15:  IWLPs mapped along terminal moraines in Illinois are represented by the gray dots.  Square 
box focused on study site within Kendall County, Illinois.  The arrow in the upper left corner of the 
satellite image shows distance to Newark town center. 
 
 
Figure 1.16:  DEM of Marseilles Morainic System with study site highlighted.  Adapted from Curry 
(2008). 
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CHAPTER 2: METHODS 
2.1 CORING 
 Within Illinois, IWLPs are rarely outcrops, making coring the only possible method for studying 
the sediment within IWLPs.  The locations of the cores were determined using ArcGIS before coring with 
the on-line orthophotoquad and topographic map for the Newark, Illinois, 7.5-minute quadrangle. The 
distance between the cores was between 70 to 100 m.  Relative elevations were measured at each core 
location using a laser level and surveying rods with 0.1 foot markings (Compton, 1962).   
Two cores were taken using a 0.1 m diameter split spoon sampler through hollow stem augers, 
using parts modified for the Illinois State Geological Survey‟s truck-mounted Power Probe drill rig 
(Figure 2.1A).  This method was used because it caused little or no deformation of the sedimentary 
structures in the core.  Overlapping cores were taken directly next to the original hole to ensure complete 
recovery of the sediment succession.  The cores were each assigned a name made up of the Quadrangle 
(NEW), the year (09) and the hole number (01, 02, 03…), with the letter “B” designating the overlapping 
cores.  The cores were taken in 1.52m long segments and each segment was an assigned a letter, starting 
with “A”.  The two cores were taken until the boundary between the lake sediment and till was observed.  
The first hole (NEW 09-02) was drilled to a depth of 6.85 m and was located in the center of the IWLP 
(Figure 2.2).  The corresponding overlapping core (NEW 09-02B) sampled the interval from 2.28 m to 
6.85 m.  The second hole (NEW 09-03) was drilled to a depth of 12.29 m and was located on the edge of 
the IWLP, with the overlapping core (NEW09-03B) sampling the interval from 2.43 m to 12.38 m (Figure 
2.2).  Hole NEW 09-01 was taken as a test hole and was not used within the study.  Table 2.1 shows the 
depths of each core segment and total depth of each core using the split spoon, hollow stem auger coring 
method. 
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Figure 2.1:  A.  0.1 m diameter split spoon sampler through hollow stem augers using parts modified for 
the truck mounted Power Probe drill rig; B. Truck mounted Power Probe. 
 
 
Figure 2.2:  Locations of borings taken at the study site (top); topographic map of study site with 10 feet 
contours (bottom). 
 
 Eight additional cores were drilled in a transect from one side of the IWLP to the base of the 
landform, using the truck-mounted Power Probe drill rig (Figure 2.1B) and were drilled an additional 
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1.52m past the lake sediment/till boundary (Figure 2.2).  This method was used to determine the bottom 
of the lake basin because the initial cores showed counterintuitive results (the thickest lake sediment was 
near the edge and thins considerably to the center) and the additional cores helped define the lower 
surface of the lake basin.  The cores were named using the same classification of the split spoon cores.  
Table 2.2 shows the depths of each core segment and total depth of each core taken using the Power 
Probe drill rig. 
 Core Depths 
NEW 09-02 NEW 09-02B NEW 09-03 NEW 09-03B 
Core Depth 
(m) 
Core Depth (m) Core Depth (m) Core Depth (m) 
A 0-1.00 A 2.28-3.15 A 0-1.00 A 2.43-3.42 
A1 1.00-1.42 W 3.15-3.29 A1 1.00-1.28 A1 3.42-3.72 
CL 1.42-1.52 CL 3.29-3.80 CL 1.28-1.52 W 3.72-3.86 
A1 1.52-2.05 W 3.80-3.98 B 1.52-2.44 CL 3.86-3.95 
B1 2.05-3.03 B 3.98-4.94 B1 2.44-2.72 B 3.95-4.93 
CL 3.03-3.04 W 4.94-5.09 W  2.72-2.76 W 4.93-5.07 
C 3.04-4.04 CL 5.09-5.32 CL 2.76-3.04 CL 5.07-5.48 
W 4.04-4.48 C 5.32-6.25 C 3.04-4.02 C 5.48-6.20 
CL 4.48-4.57 W 6.25-6.38 C1 4.02-4.36 W 6.20-6.34 
D 4.57-5.41 CL 6.38-6.85 W  4.36-4.40 CL 6.34-6.85 
W 5.41-5.55    CL 4.40-4.56 D 6.85-7.38 
CL 5.55-6.09    D 4.56-5.37 W 7.38-7.53 
E 6.09-6.48    W  5.37-5.43 CL 7.53-7.62 
W 6.48-6.52    CL 5.43-6.08 E 7.62-8.35 
E2-E3 6.52-6.65    W  6.08-6.20 CL 8.35-8.53 
CL 6.65-6.85    E1-E3 6.20-7.38 F 8.53-9.11 
      CL 7.38-7.60 CL 9.11-9.14 
      W  7.60-7.76 G 9.14-10.00 
      CL 7.76-8.97 CL 10.00-10.05 
      G 8.97-9.63 No Core 10.05-11.58 
      W  9.63-9.72 H 11.58-12.38 
      CL 9.72-10.03 CL 0 
      H 10.03-10.58    
      W  10.58-10.72    
      CL 0    
      W  10.72-10.82    
      I 10.82-11.40    
      W  11.40-11.48    
      CL 11.48-11.63    
      W  11.63-12.29    
        CL 0     
Table 2.1:  Core segment depths and total depths for NEW 09-02, NEW 09-02B, NEW 09-03, and NEW 
09-03B.  The core segment is labeled A, B, C…; segments of the core that was washed for fossil material 
is represented by a “W”; and core loss is represented by “CL”. 
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2.2 LABORATORY ANALYSIS OF LAKE SEDIMENT 
2.2.1 X-Ray Diffraction (XRD) 
  X-ray diffraction (XRD) analysis of glycolated, oriented clay (<2µm) samples was used to 
determine the relative abundance of clay minerals, as well as dolomite, calcite, quartz, plagioclase 
feldspar and potassium feldspar.  The Herbert Glass method was used to prepare the clay mineral slides 
(Moore and Reynolds 1997).  Samples were taken every 0.16 m, starting at the top of cores NEW 09-02, 
NEW 09-02B, NEW 09-03 and NEW 09-03B and ending at a depth around 3 m because this covered 
facies 3 through 5.  Additional samples were taken from core NEW 09-02 along the transition of oxidized 
lake sediment to unoxidized lake sediment. 
 The following steps detail preparation of the samples for XRD analysis.  Air dried 20 to 40 gm 
samples were placed in a 100 ml beakers which were filled with distilled water.  The next day, the 
sediment slurry was transferred to the container of a milk shake mixer and distilled water was added two-
thirds of the way to ensure agitation by the mixer blade.  The samples were then agitated for one minute 
and was poured back into the 100 ml beakers, and allowed to settle overnight. 
 The following day, the volume of settled sediment was checked, which should be around 20ml.  
The clear supernant was poured off because this fluid contains exchangeable cations that cause 
flocculation and was re-filled with distilled water to the 100 ml line and stirred with a glass rod for one 
minute.  Using an eye dropper, two to three drops of 5% sodium hexametaphosphate dispersant solution 
were added and each sample and was again stirred with a glass rod for one minute.  After allowing the 
slurry to settle for 15 minutes, an eye dropper was held perpendicular to the surface of the solution, 
lowered into the solution and then pulled out until the base of the tip barely penetrated the surface of the 
solution.  After the fluid was drawn into the eye dropper, it was expelled onto a clean, circular glass slide 
until the circumference of the slide was covered and was allowed to dry overnight.  Once dry, the slides 
of ideal samples have different-colored concentric rings forming a bulls-eye and have a shiny surface 
(Figure 2.3).   
 
32 
 
 
Figure 2.3:  Oriented aggregate slides used in XRD analysis.  The ideal slides will have a bulls-eye 
pattern and the glass slide is not visible through the sediment. 
 
Dried samples were solvated in ethylene glycol for 24 hours, and analyzed with a Scintage model 
XPH-105 x-ray diffractometer.  Peak heights were measured from the diffractograms using the Materials 
Data Inc. software (Jade (v.9)), which was used to expedite the calculations and interpret baseline values 
in a user-defined consistent manner.  Clay mineral percentages were calculated from the peak heights 
using formulas developed by Hughes et al., (1994).  
2.2.2 Particle Size Analysis 
 Particle size analysis was conducted using a modified pipette procedure (Soil Survey Staff 1996).  
Subsamples were taken at 0.16 m intervals, from ground surface to a depth of ~3 m for cores NEW 09-02, 
NEW 09-02B, NEW 09-03 and NEW 09-03B, while till subsamples were taken from cores NEW 09-04 
to NEW 09-11.  Samples stopped around 3 m because the samples taken covered the upper three facies 
within the sediment cores.  The samples were taken to the Geology department at Northern Illinois 
University and measured using pipette analysis.  The first step was to measure 9.8 g to 10.2 g of sediment 
into numbered fleakers and those samples from the soil horizons had 5 ml of hydrogen peroxide added to 
remove any organic matter within the samples.  Each fleaker then had 150 ml of deionized water added 
and was left to digest overnight.  The fleakers were then placed in a ~60
o
C bath until the soil samples 
were no longer dark in color, which were then oven-dried overnight and weighed. 
 Once the organic matter was removed, each sample had 10 ml of dispersing solution added and 
were filled 2/3 full with deionized water, which were shaken for ~8 hours at 120 oscillations per minute.  
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Samples were then poured into beakers and deionized water was added until the sediment slurry weighed 
410 g.  Sedimentation times varied according to temperature for each of the different size fractions.  For 
each sample the pipette was lowered to a predetermined depth and the sample was collected, placed into 
crucibles and oven-dried overnight.  The sand fractions for each sample were sieved after the samples 
were oven-dried. 
2.2.3 Lac Core: National Lacustrine Core Repository 
 The Lac Core Laboratory is located in the Civil Engineering Department at the University of 
Minnesota and is supported by the National Science Foundation.  The laboratory specializes in analysis of 
lacustrine sediment and is also a core repository.  Gamma density, core imaging and magnetic 
susceptibility measurements were performed on cores NEW 09-02, NEW 09-02B, NEW 09-03 and NEW 
09-03B. 
 2.2.3.a Gamma Density 
 The gamma density scan allowed the density of the core material to be determined and 
was the first scan performed on each core segment using a Geotek Multi-Sensor Core Logger 
(MSCL-S).  In order to produce the best results, cores cannot be split.  Each core was wrapped in 
one layer of saran wrap and placed in a PVC tube that was just over 1 m in length and was pushed 
to the front so that it was flush with the edge of the PVC tube.  The PVC tube was then put on the 
rack of the logger, with the back of the PVC pushed against the small black pusher located on the 
back of the rack (Figure 2.4).  The computer that controlled the movement of the PVC tube was 
set so that each 1 m segment took about 20 to 30 minutes to be scanned.  The PVC tube was 
pushed through a metal box that had a laser located within, which scanned the core through the 
PVC tube.  After starting the scan, the data from each core was recorded within an Excel sheet 
that contained the name of the core and the length of the segment.  After the cores were scanned, 
the PVC tube was filled with water and run through the gamma density scanner to determine the 
noise from the PVC tube. 
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Figure 2.4:  Geotek Multi-Sensor Core Logger scanning for the gamma density of cores NEW 09-02, 
NEW 09-02B, NEW 09-03, and NEW 09-03B at the Lac Core Laboratory at the University of Minnesota. 
 
 2.2.3.b Core Imaging 
The core image machine takes high resolution pictures of individual core segments, but 
before each core was cut in half so the layering of the sediment was visible.  The cores were cut 
using a large bread knife or a band saw and the flat surface of the core was cleaned using a 
rectangular glass slide.  The surface of the core was then scraped parallel to the laminations in 
order to avoid smearing of fine laminations and blebs of soft organic matter, which usually 
required removal of ~2 to 4 mm of sediment.  After the core was cleaned, it was put on the tray of 
the DMT CoreScan and scanned at 600 dpi resolution.  The DMT CoreScan was made up of a 
large tray that held the core segment, a camera lens, two separate lights, and a scale (Figure 
2.5A).  Similar to the gamma density scan, the split core also needed to be flush with the edge of 
the PVC tube, which was pushed against the stopper at the top of the tray.   
After the core was placed in the tray, a piece of white foam (0.15m long), similar in shape 
to the core, was pushed flush to the end of the core.  The white foam held the label of the core and 
the Munsell color checker card (Figure 2.5B).  Before the scan could begin, the core length, 
including the length of the foam, was entered into the program in millimeters.  Scanning of the 
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core took five minutes to complete and the image of the scan was immediately available to 
approve and save. 
 
Figure 2.5: A.  DMT CoreScan with computer and example of a core image.  B.  Foam with label and 
Munsell Color Checker Card. 
 
 2.2.3.c Magnetic Susceptibility 
The Magnetic Susceptibility (MS) is the amount of magnetic material within the sediment 
compared to an applied magnetic field, which was scanned using the Multi-Sensor Core Logger 
(MSCL-XYZ).  The cores were wrapped in one layer of saran wrap prior to scanning.  The flat 
side of the core that was to be scanned had to be covered by one layer of saran wrap and also had 
to be smooth, without creases or bubbles because any bubbles or creases would affect the 
measurements.  Once the cores were wrapped, they were placed in half trays of PVC and the label 
was placed at the end of the core.  The cores were then placed on the tray of the MS scanner 
(Figure 2.6).  Five cores could be placed on the scanner at one time with the top of the core even 
with the PVC tube and flush with the black stopper at the top of the tray.  The MS sensor     
(~0.01 m) was set to take a reading every 5 mm for ten seconds.  The core name and length were 
recorded in an Excel spreadsheet before the scan was started and each scan of the core took about 
2 hours. 
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Figure 2.6:  Magnetic Susceptibility scanned using the MSCL-XYZ at Lac Core Laboratory. 
 
2.2.4 Thin Section Analysis 
 Thin section analysis of the two main cores was done to obtain a quantitative grain size analysis 
of the laminae in the core.  Since the laminae ranged in thickness from 0.01 to 0.02 m, thin section 
analysis is necessary to obtain accurate grain size and mineralogy data.  Three thin sections were made 
from subsamples of core NEW 09-02 and five thin sections from NEW 09-03 (Table 2.3).  Undisturbed 
core segments of each sedimentary facies were selected for analysis.  The size of the thin section is     
0.05 m wide and 0.08 m long, which is standard for thin sections of soil.  Samples were carefully 
removed from the core, placed in boxes, wrapped, and sent to Spectrum Petrographics where they were 
impregnated with Epotek-301 epoxy in a vacuum, and cut and ground down and mounted on glass slides. 
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Core Core 
Segment 
Starting 
Depth 
(m) 
Ending 
Depth 
(m) 
NEW 09-
02B 
B 4.81 4.89 
NEW 09-
02B 
C 5.72 5.80 
NEW 09-
02 
E 6.37 6.45 
NEW 09-
03 
C 3.37 3.45 
NEW 09-
03 
D 4.64 4.72 
NEW 09-
03B 
E 8.04 8.12 
NEW 09-
03 
H 10.28 10.36 
NEW 09-
03B 
H 12.30 12.38 
Table 2.3:  Thin sections created for grain size analysis.  The table has the core, core segment, and 
starting and ending depth (m) for each thin section. 
 
 The thin sections were analyzed using point counting techniques.  Each thin section was scanned 
using a computer scanner and large images (the size of a letter piece of paper) were printed to map the 
point counting area (Figure 2.7).  Point counting by laminae was chosen in order to quantify grain-size 
parameters and mineralogy of each lamina.  Laminae were chosen by eye and labeled “A-Z” starting from 
the bottom of the thin section and were defined as layers that contained little to no variation in grain size 
after looking at the thin section through the microscope (Figure 2.7).  Laminae that seem to contain many 
different layers were usually due to a change in color or mineralogy within the sediment and were not 
taken into account when determining the labeled laminae.  Three hundred points were counted in order to 
ensure accuracy at the 95% confidence interval, which was determined using the equation: 
     (2.1) 
where P is the percentage of an individual grain size, N is the total number of points counted and E is the 
probable error in percent (Galehouse 1971).  The microscope used was Zeiss Axiophot with a camera 
attached near the eyepieces (Figure 2.8). 
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Figure 2.7:  Example of thin section map with laminae lettered “A-P”.  Laminae with many different 
layers, such as C, K and M, do not reflect changes in grain size but changes in mineralogy. 
 
 
Figure 2.8:  Microscope and computer set-up for point counting of thin sections.  
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 The Line Method was used to point count each layer and involves drawing equidistant lines 
across the field of view and counting each point that intersects the line (Galehouse 1971).  The lines were 
drawn on the image of the field of view by the AnalySIS imager software that accompanies the 
microscope and were spaced 200 µm apart in a grid pattern (Figure 2.9).  Each grain that intersected the 
line was counted for mineralogy and grain size, which was measured using a ruler tool within the 
software (Figure 2.9).  The measurements were exported into an excel spreadsheet and put into grain size 
categories according to the Udden-Wentworth Scale (Figure 2.10).  Within excel, median grain size, 
skewness, standard deviation and kurtosis were calculated and graphed in order to see the variation of 
grain size within each thin section.  Skewness is a calculation of asymmetry of a curve while kurtosis is 
the ratio of the spreads of the tails and center of distribution (McManus 1988) 
 
Figure 2.9:  Example of point counting line method.  Grains were counted that intersected the yellow 
lines.  The red lines are diameters of grains and the measurement is represented within the gray boxes. 
 
40 
 
 
Figure 2.10:  Udden-Wentworth Scale used for grain size analysis (Wentworth 1922). 
2.3 AMS RADIOCARBON AGE DETERMINATIONS 
 AMS radiocarbon dating was used to determine the age of plant macrofossils that accumulated in 
the lake sediment.  Samples were chosen to determine sediment accumulation rates at sites throughout the 
lake basin, and to determine the starting and ending points of lacustrine sedimentation.   The radiocarbon 
method employs the rate constant of C-14 decay to determine when the material stopped exchanging or 
accumulating atmospheric C-14.  The age is determined by the C-14 activity of the sample which reflects 
the number of C-14 half lives that have passed since burial.  The half life of C-14 is 5,730 years (Godwin 
1962).  The limit of accurate C-14 dating is about 35,000 years; theoretically, the limit is about 50,000 
years, but experience has shown problems (such as stratigraphic age reversals) with finite ages in excess 
of about 35,000 C-14 year BP.  Shells were not used in this study because of the hard water effect.   
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 A primary target horizon for radiocarbon dating was the base of the lacustrine succession, 
including the lag of sand and gravel, because these ages would indicate the initial age of formation of the 
lake, and a minimum age for when the ice first stagnated.  It was also important to obtain samples from 
the center and the edge of the basin in order to determine the rate of basin expansion.  The secondary 
target horizon was at the top of the lake sediment, which ostensibly would yield the youngest viable C-14 
dates and would also determine the minimum length of time the lake was on the landscape and an 
approximate time of inversion or complete melting of the stagnant ice.  Additional radiocarbon ages from 
the base of a nearby kettle succession would be necessary to determine the period of topographic 
inversion.  The top dates along with the bottom dates, indicate the minimum longevity of the lake. 
 The method of Forester (1988) was used to concentrate the organics used for radiocarbon age 
determinations.  The method includes placing moist 250 g subsamples in 500 ml Nalgene beakers, adding 
a teaspoon of baking soda to each beaker and then filling each beaker with boiling water.  The high silt 
content and low organic carbon ensured that the samples slaked into a slurry within 30 minutes.  The 
samples were washed with a fine shower spray through a 150 µm sieve.  The residue was washed into 
Petri dishes and dried overnight in a fume hood.  The dry residual was sieved through a set of five sieves: 
2 mm, 1 mm, 500 µm, 250 µm and 180 µm.  Each interval was looked at under a microscope and tundra 
plant fossils and ostracode shells were picked and separated out.   
 For radiocarbon analysis by accelerator mass spectrometry (AMS), about 30 mg of fossil stems, 
leaves, and seeds were necessary to ensure the lowest laboratory errors.  After obtaining the dry weight, 
the fossils were placed in glass vials with tap water and two drops of 10% hydrochloric acid, and 
refrigerated to inhibit the growth of fungus and bacteria.  Seventeen samples were submitted to the W. M. 
Keck Carbon Cycle Accelerator Mass Spectrometry Laboratory at UC-Irvine and results were calibrated 
to calendar years using the on-line program Calib 6.0 (http://intcal.,qub.ac.uk/calib/) which utilizes the 
InCal9 calibration dataset (Reimer et al., 2009).   
C-14 ages were calibrated using the calibration data set of Reimer et al. (2004).  Reimer et al. 
(2004) use two different calibration data sets: dendrochronological dating for samples within the 
Holocene and marine data sets for those from 12,000 to 26,000 C-14 yrs BP.  Dendrochronology studies 
are based on several millennia-long tree ring records, which provide an absolute time line (Reimer et al., 
2004).  The tree ring counts were compared to C-14 measurements to determine the calibration curve for 
the Holocene (Reimer et al., 2004).  The calibration curve for dates older than the Holocene are from 
coral growth in marine environments (Reimer et al., 2004).  The combination of these two calibration data 
sets were used to determine the calibration curve used in Calib 6.0. 
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The calibration date is determined using Figure 2.11.  The Gaussian curve on the Y axis 
represents radiocarbon years BP of the sample while the Gaussian curve on the X axis represents calendar 
years BP.  The calendar date is determined by where the dark gray section of the radiocarbon curve 
intersects the dark gray ribbon within the middle of the graph.  Most of the ages occur on the portion of 
the calibration curve that results in a 2x increase in laboratory error, e.g., 17,700 +/- 70 C-14 yr BP = 
20,890 +/- 190 cal yr BP. (Figure 2.11).  The error, in calibrated years, is about 0.9%.  Ages that are 
statistically similar were combined by weighted mean averaging (within Calib 6.0) in order to reduce the 
error of the age estimates. 
 
Figure 2.11:  Calibration curve for 17,700 +/- 70 C-14 yr BP = 20,890 +/- 190 cal. yr BP.  Graphical 
output is from Calib 6.0.  Intersection of radiocarbon age and cal. BP is age range (Reimer et al., 2009). 
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CHAPTER 3: RESULTS 
3.1 OVERVIEW 
 One primary mission of this research was to determine the rate of expansion of the IWL by 
radiocarbon assaying fossils distributed throughout the landform.  Ten cores, ranging in depth from 6 to 
13 m, revealed five lithofacies, which are summarized below in order to provide a context for 
interpretation of the chronological data (Figure 3.1).  Lake morphology, such as the area of the lake basin 
and the varying thickness of the lake sediment will be summarized, followed by a detailed 
sedimentological analysis of each facies. 
Only two out of the five facies provided material for radiocarbon ages.  The five facies (bottom of 
succession to top of succession) were: 
 Facies 1:  forms the base and the sides of the lake basin and is a matrix-supported silt loam 
diamicton. 
 Facies 2:  comprises sand and gravel that drapes the bottom of the lake basin. The clasts are 
composed of primarily local bedrock (dolomite and shale).  Fossils were sampled in lenses of fine 
sand. 
 Facies 3:  This facies is composed of laminated silt.  Most of the plant macrofossils occurred at 
the base of this facies. 
 Facies 4:  has 0.01-0.03 m thick, very fine to fine sand, beds that are separated by about 0.3 m of 
the laminated silt.  Pedogenic biological activity (weathering) has altered any organics to pyrite 
and other undateable material. 
 Facies 5:  is a silty clay loam that has a high percentage of fine silt.  When compared to facies 1-
4, this unit is richer in silt and clay and contains relatively little very fine sand and very coarse 
silt. 
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Figure 3.1:  Cross-section of IWLP with core locations.  Top image has a vertical exaggeration of 20x, 
while the bottom image has no vertical exaggeration. 
3.2 RADIOCARBON AGES 
Seventeen ages were obtained from the IWLP.  Apart from one, all samples were composed of 
macrofossils of tundra plants, and most were leaves, stems and calyxes of Salix herbacea (snowbed 
willow).  The additional sample was on several small wood fragments with structures consistent with a 
boreal tree, such as Picea (spruce).  The age of the wood fragments (38,750 ± 440 C-14 yr BP (43,120 
cal. yr BP)) is consistent with the age of wood fragments in the Robein Member of the Roxana Silt, a 
paleosol that was overridden by the last glaciers.  The older age obtained from wood fragments on Figure 
3.2 could be expected because previous work had indicated that there were no trees contemporaneous 
with the tundra plants (Curry 2008).  This wood was thus eroded by, and entrained by, the glacier to be 
later redeposited in the IWL.  The oldest ages from facies 2 are 18,140 ± 80 C-14 yr BP (21,660 cal. yr 
BP) and 18,380 ± 70 C-14 yr BP (21,930 cal. yr BP), which yielded a mean weighted age of 18,270 ± 53 
C-14 yr BP (21,810 cal. yr BP (Figure 3.2).  Weighted mean averages were determined on ages that 
statistically overlap with a one-sigma error (66.7%), which reduces the age error.  The remaining ages are 
from facies 3, with the oldest ages from the base of facies 3 of 17,930 ± 90 C-14 yr BP (21,400 cal. yr 
BP), 17,970 ± 70 C-14 yr BP (21,430 cal. yr BP), and 17,880 ± 50 C-14 yr BP (21,370 cal. yr BP), 
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yielding a mean weighted age of 17,910 ± 50 C-14 yr BP (21,390 cal. yr BP).  The youngest ages from 
facies 3 are 17,690 ± 70 C-14 yr BP (21,140 cal. yr BP), 17,700 ± 70 C-14 yr BP (21,160 cal. yr BP), and 
17,700 ± 60 C-14 yr BP (21,170 cal. yr BP), which yielded a mean weighted age of 17,700 ± 40 C-14 yr 
BP (21,180 cal. yr BP).   The age 16,130 ± 360 C-14 yr BP (19,325 cal. yr BP) from facies 3 is 
considered a statistical outlier.  The sample that yielded the age of 16,130 ± 360 C-14 yr BP (19,325 cal. 
yr BP) may have been contaminated by fungal hyphae, which would make the dates younger because it 
would have grown after deposition of the sediment.   
The neighboring IWLP has a bottom date of 18,210 ± 60 C-14 yr BP (21,680 cal. yr BP) and a 
top date of 17,760 ± 60 C-14 yr BP (20,970 cal. yr BP) (Curry 2008), which are very similar to the study 
site and further support that these dates are consistent.   
 
Figure 3.2:  Cross-section of IWLP with radiocarbon ages.  Ages are marked at the sample location within 
each core. 
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3.3 LAKE MORPHOLOGY 
The IWLP has an area of ~38 km
2
.  The lake bottom is irregular and the average core length is 
8.89 m.  Lake sediment thickness (facies 2, 3 and 4) varied from 4 to 11 m, with the thickest succession 
(11 m) at the basin margin, and the thinnest (4 m) near the basin center. The mean thickness of the 
lacustrine succession is 6 m.  
3.4 SEDIMENTARY FACIES 
3.4.1 Sediment Characteristics 
 The sediment cores revealed five facies; most cores penetrated facies 1, which forms the lake 
basin and each core were capped by facies 5.  Figures 3.3 through 3.5 are lithofacies logs of cores NEW 
09-03, NEW 09-03, and NEW 09-09.  Table 3.3 shows the thickness of each material by core.  Detailed 
core descriptions and logs are provided in Appendix A. 
 
Figure 3.3:  Log of sediment type, grain size and facies contacts for core NEW 09-02. 
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Figure 3.4:  Log of sediment type, grain size and facies contacts for core NEW 09-03.
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Figure 3.5:  Log of sediment type, grain size and facies contacts for core NEW 09-09. 
 
 Facies 1 is uniform, matrix-supported silt loam diamicton, with an unweathered Munsell color of 
dark grayish brown (2.5Y 4/2), and a weathered color of brown (10YR 4/3).  The material is 
overconsolidated due to the weight of the glacial ice.  Fourteen samples of facies 1 yielded a <2 mm 
matrix texture of 23% ± 2% sand, 57.5% ± 3.8% silt and 18.8% ± 4.9% clay (<4 µm) and yielded 8% ± 
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5% fine gravel with a maximum clast size of 0.03 m (Table 3.2).  Figure 3.6 shows the total percentage of 
sand, silt and clay for three samples of facies 1.  Facies 1 has a massive structure and water well records 
indicate that the thickness of the facies 1 is about 24 m.  The contact between facies 1and facies 2 is 
abrupt and usually separated by a gravel lag, with clast sizes up to 0.03 m in diameter.   
 
Figure 3.6:  Total percentage of sand, silt and clay for three samples of facies 1 within core NEW 09-04. 
 
 Facies 2 is represented in all cores (Figure 3.7D).  The material is unconsolidated and made up of 
mostly medium to coarse sand and gravel (0.5mm to 4mm).  The average thickness of facies 2 is ~0.26 m 
with a maximum thickness of 0.85 m and a minimum thickness of 0.06 m (Table 3.3).  The material is 
mainly comprised of shale fragments, quartz, dolomite and chert and is uniform with some vague 
stratification and laminae near the contact with the overlying facies 3.  The laminae near the contact 
display a fining upward pattern within each individual laminae (Figure 3.8).  The contact is abrupt 
between facies 2 and facies 3.   
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Figure 3.7:  Pictures of different facies: (A) Facies 5 with the upper 0.32 m of segment A being fill, (B) 
Facies 4 or laminated sandy silt, (C) Facies 3 or laminated silt, and (D) Facies 2 or sand and gravel lag.  
Facies 1 was not imaged.  The color bars are 0.1 m long. 
 
 
Figure 3.8:  Picture of facies 2 from thin section NEW 09-03B H.  The top of the photo is near the contact 
of facies 3 and some of the layers show fining upward patterns.  Plant macrofossils are found just above 
the contacts of the coarsest layers. 
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 Facies 3 is represented in all cores except NEW 09-05, NEW 09-10 and NEW 09-11 (Figure 
3.7C).  The mean and standard deviation of sand, silt, and clay, from pipette analysis, is 27% ± 15%, 63% 
± 14% and 9% ± 2% (Table 3.2).   Facies 3 has a texture of silt loam, Munsell color of gray (5Y 5/1), and 
is made up of rhythmically-bedded very fine to fine grained sand with a mean bedding thickness of 0.01 
m.  Black splotches occur throughout, and are composed of soft black material that coats fragments of 
framboidal pyrite and, less commonly, plant macrofossils.  Within core NEW 09-02, the beds are tilted 
(~23
o
 angle) throughout facies 3.  Plant macrofossils and ostracode valves are common; high 
concentrations of plant macrofossils occur near the base of the unit.  The average thickness of facies 3 is 
4.90 m, ranging from 8.27 to 1.33 m (Table 3.3).  The contact between facies 3 and facies 4 is transitional 
(up to 0.5 m) and marked by gleying of fines, and deoxidation of sand beds in facies 4 (gleying results in 
greyer colors; deoxidation results in bright 7.5YR or redder hues). The bedding structures in facies 3 are 
limited to scour marks that are filled with thin, discontinuous clay drapes. 
Facies 4 is represented in all cores except NEW 09-10 and NEW 09-11 (Figure 3.7B), and it has 
mean sand-silt-clay values of 24% ± 13%, 62% ± 11% and 12% ± 8% (Figure 3.10 and 3.11; Table 3.2).  
Facies 4 is composed of light olive brown (2.5Y 5/4) silt loam with inter-beds of yellowish brown (10YR 
5/8) sand beds from 0.01 to 0.04 m thick, a texture of silt loam, very fine to fine grained sand, 
rhythmically-bedded laminae that range in size from 0.01 m to 0.02 m, black organo- sesquioxide and 
pyrite concretions, and calcite nodules.  Plant macrofossils are absent and ostracode valves persist in this 
unit, and occur with calcite nodules that initially formed around roots.  Within core NEW 09-02, the beds 
within facies 4 are tilted (~23
o
 angle) from the base until ~2.55 m from the surface, while above 2.55 m, 
the laminae are flat lying similar to NEW 09-03 (Figure 3.9).  Apart from the parallel laminae, there are 
two other main sedimentary structures in facies 4: scours and trough cross-bedding.  Similar to the scours 
in facies 3, the scours usually are filled by thin, discontinuous clay drapes, while the trough cross-bedding 
is only seen within the thick sand beds within facies 4 (Figure 3.9).  The mean thickness of facies 4 is 
2.18 m, ranging from 3.08 to 1.01 m (Table 3.3).  The contact between facies 4 and facies 5 is transitional 
(around 0.2 m thick).   
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Figure 3.9:  Picture of thin section that contains evidence of cross-bedding, scours and tilted bedding from 
facies 4 in core NEW 09-02B. 
 
The sediment succession is mantled by facies 5 (Figure 3.7A) that has a matrix texture of 10% ± 
10% sand, 64% ± 9% silt and 25% ± 7% clay (Table 3.2), a texture of silty clay loam, a Munsell color of 
dark yellowish brown (10YR 4/4), pedogenic features such as fine- to medium subangular blocky 
structure, thin, continuous argillans, and abundant fine, hard, organo-sesquioxide concretions. The facies 
is also leached of carbonates.  Bulk particle size analysis was performed on samples every 0.16 m of cores 
NEW 09-02 and NEW 09-03 and Figures 3.10 and 3.11 show the total percentages of sand, silt and clay 
within facies 5 of cores NEW 09-02 and NEW 09-03.  The lower contact occurs at a depth of about 1 m, 
the sand content increases while clay stays fairly constant throughout the facies and the total silt makes up 
at least 55% of the sample at each site.  The bulk grain size results also revealed that facies five contains a 
large amount of coarse silt (~25%).  Appendix B shows additional tables of bulk grain size for facies five.  
Facies 5 does not possess distinct bedding but has a fine to medium subangular blocky structure.  The 
mean thickness of facies 5 is 1.26 m, ranging from 1.01 to 1.65 m (Table 3.3).   
1 cm 
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Figure 3.10:  Line graph of total sand, silt and clay from bulk grain size samples in facies 4 and 5 at core 
NEW 09-02.  Sample depths are labeled in meters. 
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Figure 3.11:  Line graph of total silt, sand and clay from bulk grain size samples in the facies 4 and 5 at 
core NEW 09-03.  Sample depths are labeled in meters. 
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3.4.2 Magnetic Susceptibility 
 The magnetic susceptibility (MS) values are variable over the length of the core, with MS peaks 
usually occurring within the laminae dominated by medium silt and the variability in MS increasing with 
depth.  The MS signal of facies 3 is more chaotic than facies 4 and has values between 60 SI to 140 SI 
(Am
-1
) (Figure 3.12).  Thin section data within both facies revealed that the MS peaks are inconsistent 
and usually occur within only some medium silt laminae.  Maher (1986) also found that magnetite 
dominated medium silt layers within soil profiles in Western Scotland, North Wales and the western 
USA, which may be caused by the preferential dissolution of magnetite within the fines.  Within gleyed 
soil profiles, Maher (1986) hypothesized that dissolution of magnetite may have occurred rapidly because 
of the presence of organic material in these anaerobic conditions.  This seems to be the case within the 
laminae for facies 3 and facies 4 because within the fine silt and clay laminae, the MS signal decreases 
while within the medium and some coarse silt laminae, the MS signal increases.  The difference in MS 
signals from facies 3 to facies 4 is not from changing particle size because the particle size data is similar 
for each of the facies, and instead the higher values within facies 3 demonstrate that there is more 
magnetic material within facies 3, which is probably due to lesser weathering within facies 3.   
Facies 4 and facies 5 have a similar MS signal that is variable and values range from 20 to 80 SI 
(Figure 3.13).  The signal is no longer chaotic around 3.04 m from the surface and becomes relatively 
constant except at the sand beds, when the MS signal jumps from around 10 SI to ~120 SI (Figure 3.12).  
The change in MS signal from low to high in facies 4 and 5 (Figure 3.13) may be attributed to the 
addition of magnetic minerals from atmospheric sources, such as volcanic dust and ash, which are present 
in the atmosphere and can infiltrate into the soil (Maher 1986).  The micro-scale features reveal that the 
individual laminae are too small for the MS resolution used within this study but this could change if 
measurements were taken more often, such as every 1 mm.  Figures 3.14 through 3.18 show the part of 
the MS curve that corresponds to each individual thin section. 
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Figure 3.12:  Selected core segments of facies 3 with MS curves.  The images lie within the facies 3 with 
the exception of where the arrow denotes the transition from facies 3 to facies 4. 
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Figure 3.13:  Scanned core segments of facies 4 and 5 with MS curves. In the core from facies 5, the 
segment from 0.3 to 0.4 m is considered fill.  A thin section was taken from 3.37 m to 3.45 m of the 
bottom core of Figure 3.13 and shows that the large peaks usually occur in the laminae just above the 
sand beds (Figure 3.21). 
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3.4.3 Grain Size Analysis 
 Two types of grain size analysis were performed on facies 3: grain size measurement by point 
counting of thin sections and bulk grain size by pipette analysis.  The grain size measurements by point 
counting were calculated on 5 thin sections from cores NEW 09-02, NEW 09-02B, NEW09-03 and NEW 
09-03B.     
 Point counting of the thin sections determined the average median grain size for cores NEW 09-
02 and NEW 09-02B (middle) is 21.38 µm, while for cores NEW 09-03 and NEW 09-03B (edge) the 
average median grain size is 24.67 µm.  Both of these values fall within the medium silt range according 
to the Wentworth-Udden Scale.  There is no significant difference in the average of skewness between 
grain sizes from the middle (sk = 1.36) and edge (sk = 1.35) of the IWLP, with both sets of cores being 
positively skewed, demonstrating that most of the distribution is skewed to the finer grain sizes.  The 
averages of the standard deviations of grain sizes within the middle and edge cores were similar with 
values of 14.82 µm and 16.61 µm respectively.  The standard deviation values closely mimic the median 
grain size curve, meaning that as the laminae become finer, the sediment becomes more well-sorted.  
Figures 3.14 through 3.18 show grain size logs with skewness, median grain size and standard deviation.  
 Figure 3.15 is an example of laminae within a thin section from NEW 09-02, which is in the 
center of the IWLP.  The log on the left side of the diagram shows that a majority of the laminae are 
considered medium silt, one or two are coarse silt and fine silt and clay laminae come in near the top of 
the thin section. The green line next to the log is the same medium grain size data presented within the log 
but have values assigned instead of grain size classes.  Starting from the bottom of the log, there is a 
fining upward pattern within the laminae, which may demonstrate grain settling from a single event.  The 
skewness of each laminae is represented by the pink line that does not follow the same pattern presented 
by the medium grain size.  The skewness ranges from 0 to ~3 but is still positively skewed toward the 
finer grain sizes (Table B.7).  The standard deviation is represented by the orange line, which closely 
mimics the medium grain size plot and demonstrates that as the grain size becomes smaller, the sediment 
becomes more well-sorted.  The MS curve in Figure 3.17 shows that the few peaks present in the curve 
occur in the medium silt laminae. 
 Figure 3.18 is an example of laminae within a thin section from NEW 09-03, which is on the edge 
of the IWLP.  The log on the left side of the diagram and the median grain size plot show that a majority 
of the laminae are medium silt but there are more coarse silt laminae and clay laminae.  The laminae also 
show a fining upward pattern.  The skewness is represented by a pink line, with values ranging from 0 to 
~3.5 and demonstrating that the laminae are positively skewed toward the finer grain sizes (Table B.11).  
The standard deviation is represented by an orange line and closely mimics the median grain size plot, 
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indicating that as the laminae become finer grained, the laminae also become more well-sorted.  The MS 
curve for the thin section shows that the major peaks occur within the medium silt laminae. 
 There are three main types of laminae within facies 3: i) clay laminae, ii) medium silt, and, iii) 
coarse silt (Figure 3.19).   The clay laminae were composed of about 75% clay and 25% medium to fine 
silt (Figure 3.19C).  Laminae sets (defined as from one coarse layer to the next fine layer) show a fining 
upward pattern and there was very little grain size variation within the laminae (Figure 3.18).  Some of 
the laminae mapped on the thin section (Figure 2.7 laminae K) are made up of more than one lamination 
but petrographic analysis showed that the grain size and color varied due to more clay particles within the 
matrix or clay surrounding individual grains but individual clay grains are too small to point count and 
therefore could not affect the point count results.   
Bulk grain size measurements show that the maximum peak is in very coarse silt and the 
skewness of the graph is positive with most of the values within the smaller grain sizes (Figure 3.20; 
Table B.2).  The difference in median grain size from the thin sections to the bulk grain size 
measurements (medium silt vs. very coarse silt) is probably due to comparing different sections of the 
core.  The bulk grain size measurement is from near the transition to facies 4 while the thin sections are 
from farther down the core.  Appendix B contains tables and figures of grain size measurements from thin 
sections and pipette analysis.  
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Figure 3.19:  Photomicrographs of three lamination types: medium silt (top), coarse silt (middle) and clay 
(bottom).  Each photo is linked to the corresponding lamination in the thin section (photos are rotated 90
o
 
to the left because of position on the microscope). 
 
1 cm 
A 
B 
C 
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Figure 3.20:  Histogram of bulk grain size at a depth of 3.08 m from core NEW 09-02B.  The graph also 
shows a postive skewness because most of the values fall within the smaller grain sizes. 
 
The majority of the particle size analyses for facies 4 were conducted using pipette analysis 
because only one thin section contained this facies.  The sole thin section was from core NEW 09-03 and 
had a median grain size of 31.57 µm (coarse silt) and showed a fining upward pattern (Table B.8).  Figure 
3.21 shows the log with the median grain sizes from each laminae.  Most laminae are still considered 
medium silt, although there are more coarse silt laminae and also laminae that are considered very fine 
sand.  The laminae also show a fining upward pattern similar to those in facies 3.  Facies 4 had four main 
types of laminae: i) clay laminae, ii) medium silt, iii) coarse silt, and iv) sand beds.  The first three 
laminae have the same characteristics seen in facies 3 (Figure 3.19).  The major difference is the larger 
sand beds (0.01 to 0.04 m thick) that occur every 0.2 to 0.3 m and are usually oxidized and can possess 
trough cross bedding (Figure 3.9). 
Bulk grain size measurements account for a majority of the facies 4 grain size analyses.  There 
are two main types of laminae for the edge and center cores (NEW 09-02, NEW 09-02B, NEW 09-03 and 
NEW 09-03B) according to particle size within facies 4.  The first type has a tri modal distribution with 
peaks at very fine sand, coarse silt and clay (Figure 3.22B and D; Figure 3.23; Table B.3), while the 
second type has a single modal distribution with a peak at very fine sand and similar clay content as the 
first layer (Figure 3.22A and C; Figure 3.23; Table B.3).  The second type of laminae accounts for a 
majority of the grain size distribution within facies 4 while the first type occurs about every 0.3 m (Figure 
3.23).  Appendix B shows tables and figures from grain measurements from thin sections and pipette 
analysis. 
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Figure 3.21:  Grain size log from thin section NEW 09-03 C within facies 4.   
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Figure 3.22 (cont. on next page). 
A 
B 
C 
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Figure 3.22:  Grain size histograms from facies 4 from two different horizons within the edge and center 
core.  Two distinct grain size trends are shown for facies 4: (A & C) single modal distribution with peak 
occurring at very fine sand; (B & D) tri-modal distribution with peaks occurring at very fine sand, coarse 
silt, and clay. 
 
 
Figure 3.23:  Core images from facies 4 with sample horizons marked for bulk grain size measurements 
represented in the histograms in Figure 3.22. 
 
3.4.4 Clay Mineralogy 
The mean and standard deviation for facies 1 of expandable clay minerals, illite, kaolinite and 
chlorite was 2% ± 0.5%, 76% ± 4%, 7% ± 2%, and 15% ± 2% (Figure 3.24; Table C.1).  There is also an 
abundant amount of dolomite and calcite.    
 The mean and standard deviation for facies 3 of expandable clay minerals, illite, kaolinite and 
chlorite was 9% ± 0.03%, 73% ± 0.06%, 6% ± 0.02%, and 12% ± 0.04% (Figure 3.24; Table C.2).  
Dolomite abundance is similar to facies 1 but there is a slight decrease in the amount of calcite. 
D 
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The mean and standard deviation for facies 4 of expandable clay minerals, illite, kaolinite and 
chlorite was 13% ± 0.05%, 73% ± 0.07%, 5% ± 0.01%, and 9% ± 0.02% (Figure 3.24; Table C.3).   
 The mean and standard deviation for facies 5 of expandable clay minerals, illite, kaolinite 
and chlorite was 47% ± 19%, 39% ± 20%, 8% ± 2%, and 6% ± 2% (Figure 3.24; Table C.4).  There is 
very little dolomite or calcite in facies 5.  Appendix C reviews of XRD diffractograms and tables with 
clay mineral percentages for facies 1, 3, 4 and 5. 
 
Figure 3.24:  Line graphs of total percentage of clay minerals for facies 1, facies 3, facies 4 and facies 5.  
Ex is expandable clays, Illite is Illite, Ka is Kaolinite and Ch is Chlorite. 
0.16 m 
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3.5 FACIES INTERPRETATION 
3.5.1 Facies 1 
Facies 1 is interpreted as a diamicton because it is a poorly-sorted deposit and is reasoned to 
represent the Yorkville till, although it is siltier and less clayey than is typical for the regional data of this 
unit (Killey 1982).  Within this area of Illinois, the diamicton is classified with the Yorkville Member of 
the Lemont Formation, which forms the Marseilles Morainic System (William and Frye 1970).  Along the 
Ransom Moraine (the primary feature of the Marseilles Morainic System), the upper Yorkville member 
has mean sand-silt-clay values of 10% ± 6%- 43% ± 8%- 47% ± 12% (the Dwight mineral zone of Killey 
1982) compared to the diamicton facies values herein of 23% ± 15%- 57% ± 14%- 18% ± 2% (Table 
B.1). 
Although particle size data shows that the diamicton at the study site does not have the same 
character as Killey‟s (1982) data on the Yorkville Member, the evidence that verifies that this could be 
the Yorkville Member is the clay mineralogy.  According to Killey (1982), the mean clay mineral 
percentages for expandable clays, illite, and kaolinite and chlorite were: 3% ± 1%- 76% ± 2%- 21% ± 
2%, while for this study the percentages for expandable clays, illite, kaolinite and chlorite were 2% ± 
0.5%, 76% ± 4%, 7% ± 2%, and 15% ± 2%.  Since the percentages for each clay mineral are similar 
between Killey (1982) to this study, facies 1 is interpreted as the Yorkville Member but since these results 
only represent a small area of the Ransom Moraine, the most important characteristics are that the 
diamicton is gray and predominantly fine-grained. 
 
3.5.2 Facies 2 
There are two main hypotheses for the formation of facies 2: i) calving of ice sides, or ii) melt-
out.  Facies two could be the result of ice calving because of the lack of laminae throughout the deposit 
and the coarse material.  There may have been water moving through the newly forming basin that was 
responsible for winnowing away the fines that are absent from this deposit.  The thickness of facies 2 also 
varies across the basin and is at its thickest at one of the edges.  The calving hypothesis is likely because 
as the lake basin expanded, the melting of the sides of the lake basin would cause collapse of material and 
ice to fall into the lake (Curry et al., 2008; Clayton et al., 2008; Curry et. al., 2010).  The top section of 
facies 2 can have laminae which would indicate the first deposition by currents within the lake basin.   
The second hypothesis is that facies 2 is a melt-out deposit.  Since the material varies across the 
lake basin, it could be from the material melting out from debris bands within the stagnant ice.  The area 
in which the lake basin was formed probably did not have as much material within the ice as the 
surrounding areas because if there was the same amount of material within the ice as the surrounding 
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area, an active layer would form and insulate the ice (Ham and Attig 1996).  This area may have had thin 
layers of material within the ice and as the ice melted, it carried the fines away and the coarse material 
melted down to the base.   
Facies 2 is interpreted to be a lag deposited by a combination of melt-out and calving of the basin 
sides immediately after the lake basin formation.  Melt-out is probably the dominant process because 
facies 2 extends beyond the lake basin and onto the till plain.  As the ice continues to melt, the coarse 
debris left in the ice collects as a lag.  The melting likely caused the sides of the basin to become unstable 
and calve into the basin, and as these melted the coarse material collected within the lake basin, which 
may account for the variability in thickness of facies 2.  The radiocarbon ages revealed that there is about 
400 years between the deposition of the sand and gravel and the bottom of facies 3, which would make 
the deposition of facies 2 only by slumping rather implausible.  The deposition of this layer was likely 
very slow because it was so cold that melting of the stagnant ice may have only happened over short 
periods of time in the summer. 
 
3.5.3 Facies 3 
Facies 3 is interpreted as lacustrine sediment that was reworked from the surrounding till plain 
and deposited by hypopycnal density currents because the laminae are normal graded and the particle size 
analyses of the laminae are similar to those found in other glacial lake deposits.  Uncommon scour marks 
indicate that the bottom currents were strong enough to rework sediment but bedforms were not 
preserved.  The ostracode fossils also indicate that the sediments are lacustrine, and in Illinois Wisconsin-
age surficial glacial lake sediments are classified as the Equality Formation (Curry 2008). 
The clay mineralogy of the lake sediment is very similar to facies 1, with the only difference 
being a slight increase in expandable clays, which is probably from small additions of far-travelled loess.  
The lake sediment also has similar particle size percentages as the diamicton, with the exception of a 
slight increase in silt and a drastic decrease in clay.  The particle size and clay mineralogy similarities in 
facies 1 indicate that the lake sediment was likely reworked sediment from the diamicton in the 
surrounding lake basin but may also be from far-travelled reworked loess.  The DeKalb mounds also 
contain lake sediment that was reworked from the surrounding till plain, which was determined using clay 
mineralogy and particle size analysis from the diamicton and lake sediment (Curry et al., 2010). 
Palmer et al. (2008) found similar types of glacial lake laminae in glacial Lake Llangorse, United 
Kingdom.  The laminae within the glacial lake were made up of finely laminated silts and clays with 
occasional sand beds (Palmer et al., 2008).  The finely laminated silt and clays from glacial Lake 
Llangorse were interpreted to be deposited by hypopycnal density currents that were distal from the 
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glacial ice because of the particle size (Palmer et al., 2008).  Smith (1978) studied glacial lakes in Canada 
and found that low concentrations of sediment within the entering stream cause current overflows 
(hypopycnal currents) to develop.  The laminae within facies 3 were also made up of finely laminated silts 
and clays and are interpreted to have been deposited by hypopycnal density currents.  In the spring and 
fall, the sediment within the lake becomes evenly distributed, while in the winter, overflows are 
insignificant and allow for the settling out of particles in suspension (Smith 1978).  Palmer et al. (2008) 
also explained the multiple laminae that occur within the coarse laminae as representing the initial 
deposition during melting of the snow pack followed by deposition from different glacial meltwater 
events.  This may explain the presence of the clay that forms the multiple laminae in facies 3, with the 
clay representing a time of no deposition and settling within the water column.   
Three types of laminae are represented within facies 3.  i) The clay laminae are thin and are not 
consistent throughout the facies and often contain silt grains which are assumed to be deposited shortly 
before the clay because there is little evidence that they were mixed in later by other currents.  Laminae 
that have scours may indicate clay layers that were reworked and had grains mixed in from hyperpycnal 
currents.  The decrease in clay content, when comparing the diamicton to the lake sediment particle size 
analysis, may be attributed to the clay remaining in suspension and exiting through an outlet.  Smith 
(1978) observed that over the course of the year a lot of the fines were carried out of Hector Lake in 
western Alberta due to overflows, which occurred during the summer months.  This may also be a reason 
for the lack of clay within the laminae and also the thin clay beds.  ii) The medium silt laminae are the 
most common type of laminae within facies 3.  The MS peaks sometimes occur within these laminae 
because this is where the magnetite was concentrated, as shown by the thin sections.  The magnetite likely 
occurred throughout the laminae, but due to gleying, the magnetite disappeared by dissolution in the finer 
laminae (Maher 1986).  The medium silt was fairly well sorted but can contain large amounts of fine silt 
near the contacts.  iii) The coarse laminae usually occurred above the clay laminae, are also very well 
sorted and probably indicate the initial pulse of meltwater after thawing of the surrounding environment. 
 
3.5.4 Facies 4 
Facies 4 is also interpreted as lake sediment because of the laminae and the continued presence of 
ostracodes.  Deposition was probably dominated by hypopycnal density currents because a majority of the 
laminae do not have bedforms, but some laminae were deposited by hyperpycnal density currents and 
contain cross-beds and scour marks.  Since this is a continuation of the sediment below, it is also 
classified as the Equality Formation (Curry 2008). 
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The grain size patterns within facies 4 also show a fining upward pattern with thick sand beds, 
and the clay mineralogy is the same as the Yorkville diamicton, except there is a slight decrease in 
chlorite content and a slight increase in expandable clay content.  This clay mineral signature is typical of 
lower weathering horizons (Willman et al. 1966), and as chlorite weathers it is transformed to vermiculite, 
which occurs through dissolution of the hyroxide sheets in the chlorite structure (Ross and Kodama 
1973).  In laboratory experiments, Ross and Kodama (1973) found that this could occur because of 
dehydroxylation or by oxidation of ferrous iron.  Since the clay mineralogy is similar to the diamicton and 
underlying lake sediment, it is also considered to be reworked lake sediment from the surrounding basin 
area.  The low MS value within medium silt laminae of facies 4 supports the idea that there has been 
bacterial degradation of the organic matter.  The lack of plant fossils is due to degradation of plant 
macrofossils through the creation of pyrite by bacteria (Butler and Rickard 2000), which is mostly seen in 
facies 4 but there is also some evidence of this within facies 3.  The lower values are probably from the 
dissolution of the magnetite under gleying conditions, which is consistent with the lack of plant 
macrofossils (Maher 1986). 
There are four types of grain size laminae within facies 4: i) thick sand beds, ii) coarse silt, iii) 
medium silt, and, iv) clay.  The major difference between facies 3 and facies 4 is the thick (0.01- 0.04 m) 
sand beds present, which are spaced regularly (~0.3 m; Figure 3.23) throughout the sediment core, which 
was also seen in the DeKalb mounds (Curry et al., 2010).  Palmer et al. (2008) also found 0.01- 0.03 m 
sand beds within laminae at Lake Llangorse which were interpreted to be deposited by underflows 
(hyperpycnal density currents).  Underflows were likely active during the spring and early summer as a 
response to increased melting of snow and ice within the catchment area (Palmer et al., 2008).  The sand 
beds may represent final melting of the ice and higher concentrations of sediment within the incoming 
meltwater because they occur near the top of the core.  Since the sand beds at the study site are spaced so 
widely apart, the sand may not represent a short period time (perhaps daily) like the silt beds but may 
represent a longer period of time (perhaps seasonally or yearly).  The silt and clay laminae deposited 
between the sand beds were deposited by hypopycnal density currents as in facies 3.  The clay laminae 
are less common within this facies and are usually discontinuous due to scouring, but generally contain 
the same characteristics as in facies 3.  The medium silt and coarse silt laminae are also similar to facies 
3.   
 
3.5.5 Settling Velocities of Median Grain Sizes 
 Settling velocities were determined using Stokes law for the median grain sizes in each of the 
samples in the thin sections.  The ice-walled environment and modern analogs of the ostracodes 
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collectively indicate that the water temperature was about  4
o
C (Curry et al., 2008).  The variables for 
equation (1.1) were: 
 Acceleration due to gravity:  9.81 ms-2 
 Water density:  1000 kgm-3 
 Water Molecular Viscosity:  0.001569 kgm-1s-1 
 Quartz density:  2660 kgm-3 
 Dolomite density:  2870 kgm-3 
The densities for quartz and dolomite are used because these two grain types make up over 70% 
of the minerals within the thin sections (Figure 3.25).  Appendix D gives additional tables of settling 
velocities. 
Cumulative settling times were determined for each type of laminae to determine the minimum 
total settling time, which allowed a time scale for the settling cycles of each lamination.  The average 
density between quartz and dolomite (2770 kgm
-3
) was used for Figure 3.26 since both minerals are 
common within the laminae.  A lake depth of 12 m was also used as a conservative water depth for the 
IWL because that is the length of the thickest sediment core.  The mineral density and the lake depth were 
used to calculate the cumulative settling time for each thin section, which varied according to median 
grain sizes of laminae, and for NEW 09-03 H the cumulative settling time was ~255 days (Figure 3.26; 
Tables D.7 and D.15).  The cumulative settling time curve revealed that silt size grains settled out in one 
day compared to clay particles which settled out in ~60 days, though these cumulative settling times do 
not account for time between the settling of each laminae. 
To determine the total settling time of the sediment within facies 3, the average settling velocity 
of the median grain sizes was calculated for each of the 0.08 m-long thin sections.  The average settling 
velocity for the 0.08 m thin section is about 0.004 m/day, which was determined by adding the total 
settling time of each lamination within the thin section and determining the rate of settling in meters per 
day (Table 3.4).  The average thickness of facies 3 (4.9 m) was then divided by the average rate of 
settling, which shows it would take ~33 years (~6 m/yr) to deposit the total sequence of facies 3, although 
this does not account for times of non-deposition.   
By using the same methodology, sediments analyzed in the thin sections from facies 4 settled out 
about twice as fast ( ~6 years (~3 m/yr)) but this does not account for times of non-deposition.    The 
average thickness of facies 4 was 1.8 m and the average settling rate was 0.0082 m/day (Table 3.5; Tables 
D.1, D.4, D.9, and D.12).  The coarser laminae contribute to faster settling times and probably indicate a 
change in deposition, such as more sediment within the incoming water or shallower water depths.  The 
total time of deposition for each facies does not account for times of non-deposition, compaction and 
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consolidation, and transitions in deposition.  The settling times can be interpreted to indicate two types of 
freezing and thawing: weekly and seasonally.  The collective data indicate that the lake received sediment 
sporadically with flow-through being rapid enough to preclude the settling of suspended clay most of the 
time. The thin clay beds possibly settled out during the winter when there was little or no added 
precipitation to drive flow-though in the permafrost‟s hydrologic system. 
 
 
Figure 3.25:  Grain size settling curve for quartz and dolomite median grain sizes of thin sections.  The 
quartz curve shows that coarse grains will settle out quicker (up to 9 mhr
-1
) and clay will settle out the 
slowest (around 0.01 mhr
-1
).  The dolomite curve shows that coarse grains will settle out quicker (up to 12 
mhr
-1
) and clay will settle out the slowest (around 0.01 mhr
-1
). 
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Thin Section Cumulative Days Rate 
(cm/day) 
NEW 09-02B C 304 0.026 
NEW 09-02 E 121 0.066 
NEW 09-03 D 243 0.033 
NEW 09-03B E 185 0.043 
NEW 09-03 H 250 0.032 
  Average 0.040 
  Average Lake Sediment Thickness 4.9 m 
  Number of days to accumulate 4.9 m sediment 11,950 
  Years for 4.9 m of Sediment (ignores non-
deposition) 
32.74 
  Calibrated Radiocarbon Years for Lake Sediment 210 years 
Table 3.4:  Cumulative settling velocities for thin sections within facies 3.  The total settling time is 
calculated for the average thickness of the facies 3 across the whole lake basin. 
 
Thin Section Cumulative Days Rate (cm/day) 
NEW 09-02B B 185 0.043 
NEW 09-03 C 65 0.12 
  Average 0.082 
  Average Lake Sediment Thickness 1.8 m 
  Number of days to accumulate 1.8 m of sediment 2210 
  Years for 1.8 m of Sediment (ignores non-
deposition) 
6.05 
  Calibrated Radiocarbon Years for Lake Sediment ? 
Table 3.5:  Cumulative settling velocities for thin sections within the facies 4.  The total settling time is 
calculated for the average thickness of the facies 4 across the whole lake basin. 
 
3.5.6 Facies 5 
Facies 5 is interpreted to be pedogenically modified loess (Peoria Silt).  The argillans and organo-
sesquioxide concretions are evidence of pedogenesis because these features are formed by the 
translocation of clay and transformation of iron during pedogenic processes, respectively (Buol et al. 
2003).  The high amount of silt and lack of sedimentary structures within facies 5 indicates that it is loess, 
which is a windblown deposit.  Facies 5 contains abundant coarse silt suggesting that its source was 
within about 5 to 10 km (Smith, 1942).  The clay mineralogy of facies 5 contains an abundant amount of 
expandable clays relative to illite, kaolinite and chlorite.  A high proportion of coarse silt in these deposits 
(~24%) and a low proportion of fine silt (~6%) indicates the alluvial source of this aeolian deposit was 
relatively close to the study site, perhaps the Fox River Valley (Smith 1947).
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CHAPTER 4: DISCUSSION 
4.1 RADIOCARBON AGES 
Radiocarbon ages from specific stratigraphic horizons have statistically similar values throughout 
the IWLP and show that the lake expanded rapidly to its maximum diameter.  The statistically similar 
ages were combined by weighted mean averaging (within Calib 6.0) in order to reduce the error of the age 
estimates.  The age from facies 2 (Figure 3.1) is comparable to the bottom date of the IWLP next to the 
study site, which is around 18,210 ± 60 C-14 yr BP (21,810 cal. yr BP) (Curry 2008).  Facies 3 yielded 
bounding ages of 17,910 ± 50 C-14 yr BP (21,390 cal. yr BP) and 17,700 ± 40 C-14 yr BP (21,180 cal. yr 
BP).  The upper age of this facies is the youngest material that may be dated in this IWLP using 
radiocarbon dating, since facies 4 has been gleyed and any organics likely were consumed by bacteria.  
The difference in the median age of facies 2 and facies 3 is ~410 years; the difference from the combined 
sigma one error (67% confidence interval) is 590 years, and may represent the total time it took for the ice 
to melt to the till surface and create the depression within which the lake was formed.   
 Analysis of the basal ages is critical for two reasons: i) the age represents when the ice stagnated 
and deglaciation began, and, ii) the difference in age between the center and the edge represents the rate 
of basin expansion.  Two ages of 18,140 ± 80 C-14 yr BP (21,660 cal. yr BP) and 18,380 ± 70 C-14 yr BP 
(21,930 cal. yr BP) were obtained from the basal sand and gravel (facies 2).  Rapid expansion is indicated 
because the oldest age of 18,380 ± 70 C-14 yr BP (21,930 cal. yr BP) comes from the edge of the basin, 
while the other age of 18,140 ± 80 C-14 yr BP (21,660 cal. yr BP) is from the center of the basin and is 
statistically similar at the sigma two error, with overlap from 21,440 to 21,830 cal. yr BP.  The mean 
weighted age is 21,810 cal. yr BP.  The error associated with these ages indicates that basin expansion 
likely varied from instant expansion to expansion occurring within ~480 years.  The reason that the IWL 
opened rapidly to the extent of the basin diameter may be a function of debris within the ice.  IWLs may 
form in areas lacking significant englacial material.  As the ice melts in situ, neighboring areas with 
englacial debris will develop thick layers of supraglacial debris which slow melting.  Therefore, the ice 
within the IWL area would melt faster than the surrounding area which would cause the diameter of the 
basin to expand rapidly. 
 IWLPs occur along terminal moraines and some recessional moraines formed by the Laurentide 
Ice Sheet.  The instant expansion to IWL diameter likely occurred in all areas where IWLPs are located 
within the Midwest USA, although the location of IWL formation is probably controlled by the albedo, 
insolation and local ice dynamics.  As the ice stagnates in the area and begins to melt, the ice up-dip may 
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be providing ice to other lobes within the system.  The dynamics up –ice may affect the formation of the 
IWLs but this would need further research on larger scale ice dynamics compared to IWL formation. 
 The presence of secondary pyrite in facies 4 and facies 3 indicates that iron-bearing minerals 
(such as magnetite) were dissolved under reducing conditions in the presence of dissolved sulfate ions. 
The anaerobic bacteria that facilitate these reactions out-compete the bacteria that degrade organic matter. 
In facies 2 and 3, the iron reducers were probably in the process of forming pyrite, but dissolvable iron 
(magnetite) was still available so that organic material was largely intact. In facies 4, the magnetite was 
largely dissolved from the fines, allowing methanogens to utilize organic matter and degrade any plant 
macrofossils (Maher 1986).   The organic matter in the lake sediment is commonly associated with 
framboidal or crystalline pyrite.  Framboidal pyrite is a spherical form of numerous pyrite microcrystals 
(Butler and Rickard 2000), while crystalline pyrite contains several larger pyrite crystals.  The association 
of pyrite with organic matter is from sulfate reducing bacteria that use the organic matter as a substrate, 
and produce pyrite as a byproduct under anoxic conditions (Wilkin and Barnes 1997; Butler and Rickard 
2000).   In facies 3, the pyrite occurs as framboidal encrustations on plant macrofossils.  In these cases, 
the pyrite does not appear to be replacing the plant tissue, but rather has used the tissue as a substrate 
from which to grow.  Fossils associated with framboidal pyrite are well preserved; for example, leaves 
with preservation of soft tissue between veins.  Fossil leaves that are not covered in pyrite are generally 
badly corroded with very little soft tissue, but with well-preserved veins and stems.  The abundance and 
size (0.5 to 2 mm in diameter) of pyrite concretions increased up-core within facies 4.   
The difference in pyrite morphology between facies 3 and 4 likely reflects differences in the 
chemical environment in which it formed.  In the case of the crystalline pyrite, the MS signal is low, 
suggesting that any magnetic minerals have been dissolved, probably under gleying conditions associated 
with pedogenesis (Maher 1986).  The presence of calcite concretions in the material that contains the 
pyrite crystals supports this idea; the calcite concretions show downward transportation of ions to lower 
soil horizons with subsequent precipitation (Buol et al. 2003).  The framboidal pyrite was also formed 
under gleyed (reducing) conditions, but there is no evidence of infiltration by soil water, such as calcite 
nodules in root tublars.  The framboidal habit indicates stagnant groundwater conditions, with an outward 
radiating growth (Maher 1986), and suggests that different bacteria species were involved in the 
crystallization of the two forms of pyrite.  The difference between the two could thus be attributed to 
weathering of the material or total organic carbon that was used. 
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4.2 DEPOSITIONAL MODEL 
 There are two types of depositional environments that could be envisioned for the study site in 
Newark, Illinois: ice-walled lake plain deposits and pingo deposits, with the preferred origin herein being 
an ice-walled lake plain.  The five facies at the study site are similar to the DeKalb mound deposits found 
by Curry et al. (2008), with diamicton (facies 1) forming the basin, the sand and gravel lag (facies 2) 
draped over the diamicton surface, overlying laminated silt (facies 3), then laminated sandy silt (facies 4), 
and finally capped with loess and the modern soil (facies 5).  This evidence suggests that the deposits are 
most likely ice-walled lake plain deposits and not pingo deposits, as thought by Flemal et al. (1973).  The 
internal appearance of pingos is usually composed of outward dipping or deformed beds of stratified silt 
and sand sediments (Embleton and King 1968).  Flemal et al. (1973) compared the DeKalb mounds to 
pingos formed on alluvium and could not find pingos that formed on hummocky glacial sediment.  The 
deposits within the study area are formed on hummocky glacial sediment and there is little deformation 
within the bedding of facies 3 and 4.  Figure 4.1 shows a depositional model for development of the low-
relief IWLP, and contains eight different time stages, starting with initial ice advance and lake formation.  
The model concludes with the inversion of topography, or melting of stagnant ice, and deposition of the 
loess cap.   
85 
 
 
Figure 4.1:  Depositional model for IWLP development at the study site. 
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During initial Step A, the terminal moraine was formed by active ice, and supraglacial bands of 
debris may have been formed by shallow thrusting associated with compressional flow (Evans 2009).  
The age of this stage is less than 19,930 C-14 yr BP (the onset of the last deglaciation; Hansel and 
Johnson, 1996; Curry et al., 2010), but greater than the age of Step D (Figure 4.1).  At Step B, the ice 
began to stagnate, and debris collected at the surface of the melting glacier, concentrating where the 
debris bands intersected the lowering glacier surface.  In this environment, two types of terminal moraine 
may be formed: controlled moraines and chaotic hummocky moraines.  Controlled moraines form in 
supraglacial environments, and are formed of linear to sub-linear broad crests of hummocky topography 
due to debris patterns within the ice (Evans 2009).  Modern analogs indicate that upon reaching a 
thickness of about 1 m, the debris mantle probably acted as an active layer in dead-ice permafrost.  The 
significance of this transition is that the active layer protected the dead-ice from rapid melting, and acted 
as the zone of accumulation of surface moisture, including melting snow.  Seasonal periods of maximum 
insolation were likely times when moisture from the active zone would have provided moisture to the ice-
walled lake.  The concentration of debris bands at the glacier termini is higher with cold-basin margins 
(Evans 2009), and may explain the lack of ice-walled lake plains on some moraines in Illinois; but 
preservation of paleosols indicates the glacier margin was warm-based, and the basal ice slid across the 
landscape without much local entrainment of debris into structurally-high parts of the glacier.  Glacial 
landsystems (Figure 4.2) with ice-walled lake plains tend to occur on chaotic moraines, that is, moraines 
with no apparent fabric that may be attributed to patterned accumulations of debris in the glacier (Evans 
2009).  This moraine type is the result of complex melting patterns of the ablating ice or an active layer 
that erased or masked any structures that were in the ice (Evans 2009; Figure 4.2).  In some situations, 
ice-walled lake plains occur on controlled moraines, marginal environments with landforms, such as push 
moraines and ice-walled lake plains that formed along englacial debris bands (Evans 2009; Figure 4.3). 
 
Figure 4.2:  Schematic drawing of ice margin during stagnation of ice, showing the formation of 
hummocky moraine, control moraines and locations of ice-walled lake plains (IWLPs) (Evans 2009). 
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 In areas where the ice is debris-rich, the thrust faults bring wedges of debris to the surface, 
forming a variety of controlled moraine known as a thrust moraine, which develop along detachment 
plains of debris and ice (Figure 4.3).  Moraines that have this type of formation would have stacked and 
repeating strata from layers being thrust over each other (Oldale and O‟Hara 1984), together with 
deformation structures such as folds and faults.  Oldale and O‟Hara (1984) assume that the thrust sheets 
did not always develop within the ice margin but could have developed up-ice from the ice margin.  This 
type of moraine is found around Cape Cod, Massachusetts and the ice dynamics in this area were believed 
to have behaved in a similar manner to those of the Lake Michigan Lobe (Oldale and O‟Hara 1984). 
 
Figure 4.3:  Schematic drawing of thrust moraine development and associated outwash lakes (Evans 
2009). 
 
 Step B highlights the formation of the lower surface of the lake basin, although no specific age 
can be attributed to this step.  Formation of the lake basin probably occurred in crevasse systems that 
paralleled the direction of ice movement, depressions from melting ice and englacial drainage systems 
(Figure 4.1; Figure 1.1).  It can be speculated that the intersection of a crevasse and thrust fault plane may 
have been the structural weakness in the ice where an IWL would form (Figure 4.4), and in most 
supraglacial environments crevasses control the hydrology within the melting stagnant ice (Evans 2005).  
If an IWL developed at the intersection of these two features, water flow through the crevasse would 
control the moisture balance of the lake (i.e. the balance of water entering and leaving the lake, in 
addition to evaporation) whereas debris-rich thrusts would provide much of the sediment source.  Gulley 
et al. (2009) found that, in Himalayan glaciers, supraglacial lake levels are controlled by the interaction 
with water in crevasses.  Cross-sections of the IWLP in the present study (Figure 3.1) clearly show that 
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the base of the lake was on, or eroded into, the glacier bed.  The interaction of water in crevasses, 
therefore, must have been principally from lateral, rather than vertical flow.   
A key feature in the cross-sections of the IWLP studied here and others examined in Illinois 
(Curry et al., 2010; Curry 2008) is that the base of the lake succession fills a depression on the glacier 
bed.  This observation suggests erosion from above the glacier bed such as flow from a moulin, or 
alternatively, subglacial deformation.  Subglacial deformation tends to result in tabular englacial features 
resulting from ice thrusting; mechanisms resulting in shallow conical divots in the glacier bed are not  
described (Evans 2009).  Hence, the hypothesis of erosion from cascading water along moulins is favored.  
A moulin is a narrow, tube-like structure that transfers surface drainage to the base of the glacier.  Gulley 
et al. (2009) found that large moulins form in areas with a large water supply and stressed ice, such as 
compressive glacial margins.  To explain the formation of the IWL basin, the explanation may involve 
both the crevasse theory and moulin theory presented above.  In areas of compressive flow and thrust 
moraine development, supraglacial lakes may over-deepen crevasses or fill moulins to the glacial bed, and 
a bridge could develop that would allow water to move from the glacier base to the surface along thrust 
plains within the ice (Gulley et al. 2009; Figure 4.5).  The moulin type that is probably similar to that 
within the studied IWLP is the debris-filled crevasse trace, which occurs on low gradient debris-covered 
ice (Gulley et al. 2009). 
 
Figure 4.4:  Speculative map view of study area during IWL formation.  Thrusts are shown within the ice 
for moraine formation and crevasse patterns are drawn in the ice flow direction.  The blue circle indicates 
IWL location and possible formation by moulin.  The ice margin follows the edge of the Marseilles 
Morainic System. 
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Figure 4.5:  Schematic drawing of supraglacial lakes over-deepening crevasses within the ice, allowing 
water to contact the bed.  As water comes in contact with thrust planes in the ice, it can be transferred to 
the surface or possibly another IWL (Gulley et al. 2009). 
 
 Step C depicts the initial filling of the lake with water, and probably occurred shortly after the 
basin encountered the overconsolidated matrix-supported silt loam diamicton (facies 1) that formed the 
glacial bed.  The occurrence of terrestrial plant fossils indicates that the active layer had formed in the 
latter stages of this step.  Water would also not immediately pool in the basin because there would be 
conduits bringing water into and out of the basin.  The direction of water movement within the conduits 
was probably controlled by the overall slope of the ice in the area, which was locally to the north.  Water 
may have started to collect when freezing of water in the conduits would not allow movement of water, 
which may occur diurnally or seasonally. 
 Step D marks the deposition of the first sorted sediment into the lake.  It is also the time when the 
glacier ceased moving.  The two C-14 ages indicate that Step D dates at 18,270 ± 53 C-14 yr BP (21,810 
cal. yr BP) and is the deposition of the sand and gravel lag (facies 2).  The sand and gravel lag facies is 
composed of clasts of local lithofacies: shale, chert, and dolomite.  Facies 2 is not contained within the 
lake basin and is found on the till plain along the edges (Curry et al., 2010), although it is unknown within 
this study if facies 2 extends beyond the area cored.  Deposition of facies 2 occurred from the melt-out of 
coarse material within the melting ice and from calving of ice from the basin edges.  The continuity of 
this facies and the lack of fine silt and clay observed in the till indicate that the fines were winnowed out 
of the basin, perhaps by flow in crevasses.  The evidence of fossils within the sand and gravel means that 
the surrounding debris covered ice allowed for the development and growth of tundra plants. 
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 Step E begins a period of deposition when rhythmically-bedded silts (facies 3) were deposited in 
the ice-walled lake and weighted mean values of three ages indicate that this step began at 17,910 ± 50 C-
14 yr BP (21,390 cal. yr BP).  Together with the ages from Step F, the lake persisted for at least 300 
years.  The clay mineralogy of facies 3 is very similar to the surrounding till, suggesting the source is 
local to the area.  There is a high amount of silt within this sediment and low amounts of clay, which is 
also similar to the surrounding till.  All gravel and some of the sand is not present in this material and 
may have been deposited on the basin margin before the water entered the IWL. 
Two hypotheses were tested for the origin of these laminated sediments: deposition of the 
laminae by density currents and the possibility of the laminae being annual varves.  The first hypothesis 
states that deposition within the IWL was by density currents, which vary from facies 3 to facies 4.  An 
absence of bedforms and scouring indicates that facies 3 was deposited mainly by hypopycnal currents, 
which caused the incoming sediment-laden currents to act as overflows with subsequent settling under 
quiescent conditions.  The thin section analysis determined that there were three types of laminae within 
facies 3: i) coarse silt laminae, ii) medium silt laminae, and iii) clay laminae (Figure 3.18).  Detailed 
particle-size analysis and Stokes law calculations determined the minimum settling time of the silt size 
fractions for a lake depth of 12 m to be less than one day, but the clay settled out within 60 days.   These 
settling velocities assume that the grains were uniform in density, spherical in shape and settled out at 
once, and that there were no currents within the lake.  The cumulative settling time for the average facies 
3 thickness is ~33 years, which is unlikely because the radiocarbon dates tell us that the lake persisted for 
~210 years, which means that there were large amounts of time where there was no deposition occurring 
within the lake.   The lack of deposition likely occurred during the winter months as the system froze.    
Since the deposits were probably deposited through grain settling from density currents, the next 
hypothesis tested was to determine if this happened annually, making the couplets varves.  The deposits 
were originally thought to be varved because of the regular spacing of coarse and fine sediment within the 
layering of the DeKalb mounds and the number of couplets seemed to be consistent with the difference in 
years indicated by the radiocarbon ages.  This hypothesis could be useful to this study because it would 
allow for better age constraints of the upper 2.5 to 3 m of the lake facies, which could not be dated due to 
weathering of the plant fossils.  According to Ridge and Larsen (1990), there are four observations that 
signal if a couplet is a varve: i) repeated patterns of silt/clay beds that indicate annual variations in 
sedimentation, ii) clay beds are less variable in thickness than silt beds when comparing adjacent 
couplets, iii) grading in silt layers determines that turbidite events from storms are unlikely and iv) 
evidence of bioturbation.     
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The couplets within the studied IWLP are not considered to be varves because they do not follow 
these criteria.  The first evidence against the varve hypothesis was that the number of couplets in the 
laminated silt (facies 3) does not match the length of time indicated by the radiocarbon ages that bound 
the deposit.  About 800 couplets were estimated, according to the average thickness of the couplets (0.01-
0.02 m), to occur in core NEW 09-03 but only 210 ± 80 years were represented by the same segment of 
core.  This means that there are about four times as many couplets as years, which would appear to rule 
out of the annual varve theory.   
Although the preliminary analysis indicated the sediment couplets were not varves, fine scale 
details of the couplets were explored through MS scans and thin section analysis.  The MS scans follow 
the medium silt layer of the couplet but the MS signal was inconsistent over the laminae (Figure 4.6).  
Thin sections brought out the fine detail of the couplets and revealed that the silt layers appeared to be 
similar to the varves found in New England, USA, but the clay layers were a lot thinner (Ridge and 
Larsen 1990).  Compared to the thick, repetitive, continuous clay beds of the New England varves (Ridge 
and Larsen 1990; Shaw et al. 1978), the couplets studied herein were thin, discontinuous and varied in 
character (thickness and laminae) from bed to bed (Figure 4.6).  The clay beds contained 75-80% clay and 
were admixed with very fine silt (Figure 4.7).   
There are many laminae between clay beds and the number of laminae can vary from couplet to 
couplet.  The many laminae in between clay beds probably did not represent a yearly cycle but many 
different meltwater and snow melt cycles within one year (Palmer et al., 2008).  The clay beds capping 
the laminae are also not solely composed of clay to be considered varves (Figure 4.7).  The clay beds may 
change up core, but this is unknown because thin sections were not made over enough consecutive core 
segments.  The couplets within this study do not follow typical glacial varve characteristics (e.g. Palmer 
et al., 2008 and Ridge and Larsen 1990), but most glacial varve studies have concerned proglacial lake 
sediments.  Since IWLs are situated within the ice, it is likely that characteristic glacial varves will not fit 
with this system.  The instability of the ice and the variability of water coming from melting snow or 
melting ice on the sides of the basin could cause multiple events to vary in length and magnitude from 
year to year. 
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Figure 4.6:  Example of couplets in thin section.  There are multiple laminations within the silt layers but 
the clay layers vary in size from couplet to couplet.  Scour marks are marked and the combination of 
coarse silt and clay layers may represent annual deposition. 
 
 
Figure 4.7:  Photomicrograph of a thin section of a clay bed using transmitted light.  The coarsest grains 
are about 35 µm across. 
200 µm 
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Step F began about 17,700 ± 40 C-14 yr BP (21,180 cal. yr BP) and ended at some undetermined 
time.  The main deposition within Step F occurred by hypopycnal density currents, with the more minor 
presence of hyperpycnal density currents forming thick sand beds that possess cross-bedding and some 
minor scours.  The cross-bedding and scours indicate that some of the sediment-laden water flowed along 
the lake bottom due to the currents having comparatively higher densities relative to the overlying water.  
Sediment was also deposited by settling of hypopycnal density currents and the minimum settling 
velocities for a lake depth of 12 m were the same as those in facies 3.  The cumulative settling time for 
the average facies 4 thickness is ~6 years, which is also unlikely for this stage but this cannot be proven 
because of the lack of dateable material within facies 4.  This time premise also does not account for 
times of non-deposition.  This would indicate that this facies was deposited more quickly than facies 3 
and it is hypothesized to occur around the time of total melting of the surrounding stagnant ice.  The 
active layer over the stagnant ice had probably thinned at this time and was no longer insulating the ice 
below, which may have increased the amount of water flowing into the lake and also allowed more 
sediment to flow into the lake.  The thinning of the active layer would have caused more rapid melting of 
the stagnant ice, which could make the length of this stage very short. 
 Near the end of step F, squeezing of subglacial material occurred in the IWL and likely occurred 
near the end of the depositional phase and shortly before inversion, because the beds are only flat lying 
for the top 1.5 m.  Deformation of sediment in core NEW 09-02 clearly indicates diapiric movement of 
diamicton near the center of the IWL; the other “diamicton high” between borings NEW 09-04 and NEW 
09-05 may have been caused by a separate diapir (Figure 3.1).  Squeezing occurs similar to that of a 
diaper.  The surrounding pressure of material or ice pushes the soft till up to an area of lower pressure 
(Johnson and Clayton 2005) and caused the tilting of the layers seen in Figure 3.4.  This deformation 
indicates that the sediment near the center of the IWLP was truncated, and perhaps redeposited into 
deeper parts of the basin, because the horizon separating the two lake facies is nearly horizontal, and 
redeposition appears to have been minimal. 
Step G represents when topographic inversion occurred due to complete melting of the dead-ice 
permafrost, when the once-high surrounding hummocks (Step F) were now lower than the IWLP.  In 
Illinois, once the stagnant ice melted and formed an IWLP, the ice margin never re-advanced into that 
area.   
Step H marks deposition of the Peoria Silt from about 14,650 to about 11,800 cal. yr BP (Curry 
2008), in which the modern soil is formed.  The high proportion of coarse silt and low proportion of fine 
silt indicates that the source of the loess was from an alluvial source (Fox River Valley) close to the study 
site (Smith 1947).  
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CHAPTER 5: SUMMARY AND CONCLUSIONS 
 Ice-walled lake plains have been recently been used to constrain stagnant ice locations of the 
Lake Michigan lobe within Illinois (Curry et al., 2010; Curry 2008) and are found on many Wisconsin 
Episode end-moraines in continentally-glaciated areas worldwide.  Curry et al. (2010) have used 
radiocarbon ages determined from plant macrofossils in ice-walled lake deposits to constrain the timing of 
ice advance and retreat of the Lake Michigan lobe.  The present study thus addressed the depositional 
processes of IWLs and how these processes may affect interpretation of their age.  The results have 
bearing on future sampling strategies of IWLP deposits in terms of the number and location of samples in 
the lake sediment complex.  Specifically, 
1.  What was the rate of lake basin expansion? 
2. What are the sedimentological and mineralogical characteristics of the laminated sediment? 
3. Previous work has shown the sediment is rhythmically bedded; can the laminae be reasonably 
interpreted to be annually varved? 
The questions above were addressed by (a) determining the radiocarbon age of several horizons in the 
lake succession, focusing on the top and bottom ages; (b) defining the characteristics of each facies, and 
(c) developing a depositional model. 
 Past studies of IWLP ages in Illinois focused on obtaining top and bottom ages from many 
successions (Curry 2008; Curry et al., 2010).  The primary conclusion from these studies is that the lake 
ages do not overlap, and thus provide a reasonable chronology for deglaciation (Curry et al., 2010).  In 
addition, the bottom ages of several lakes in a tract containing many ice-walled lake plains have yielded 
consistent and statistically-similar ages (Curry 2008).  The combined data prior to this study thus showed 
the history of a single IWLP is adequate to characterize the onset of morainal deglaciation, and the 
present study attempted to detail the chronology of a single IWLP deposit.  By obtaining multiple 
radiocarbon ages from samples located throughout the succession laterally, and with respect to depth, the 
expansion rate of the lake basin could be determined.  Fortunately, the cores that were sampled yielded 
enough material for 17 radiocarbon ages, all dated by accelerator mass spectrometry. 
The results show that the ages are statistically consistent and were in chronological order, when 
bad dates are removed.  The statistically significant ages are noteworthy because age-models of lake 
sediments based on multiple radiocarbon ages often include outliers, indicating a short residence time of 
the plant debris in the periglacial soils.  The oldest ages were associated with the basal sedimentary facies 
95 
 
of sand and gravel, which has an age of 18,270 ± 53 C-14 yr BP (21,810 cal. yr BP), which was 
determined from the deepest sample of a sediment core at the edge of the deposit.  The error (100 years) 
of this age provides a limit for the length of time it took for the basin to expand.  In other words, it took, 
at a 67% confidence interval, less than 100 years for the basin to expand to its maximum diameter.  These 
results suggest that the important basal age should come from the material collected from sediment that 
underlies the rhythmically-bedded facies 3.  In this study, the beginning of the rhythmic bedding occurs 
about 400 years after the basin first formed. This finding is important for future studies that have a focus 
of dating because only one core will need to be taken to obtain an accurate bottom and top date of the 
IWLP in question. 
 Previous studies have provided descriptions of IWLP sedimentary facies (Curry et al., 2010).  
The present study provides a detailed analysis of IWLP sediments including magnetic susceptibility 
profiles, mineralogy, and sedimentology.  It was vital to obtain side-by-side cores that were offset from 
one another in order to ensure that the complete succession was sampled with little, if any, deformation, 
since previous studies obtained sediment cores sampled by a Power Probe, which suffered core loss and 
friction-induced folding during sampling. 
 Previous studies have not focused on the different facies that make up IWLP deposits, with most 
studies focusing on general characteristics of the lake sediment and not the sedimentary structures or the 
characteristics of each facies.  Within this study, five facies were defined: diamiction, sand and gravel lag, 
laminated silt/clay sediment, laminated sandy silt/clay sediment and loess cap.   
 The diamiction (facies 1) is interpreted at the Yorkville till that is found in the area but it had a 
different grain size signature (higher amount of silt) than other samples in the area.  The clay 
mineralogy showed that it was high in illite compared to expandable clays, kaolinite and chlorite.  
This facies represents deposition by the glacier, and as the ice stagnated, deposition of till ceased 
and allowed a lake to form.  
 The sand and gravel lag (facies 2) varied in thickness across the IWLP but is evident in all cores 
taken and contained local clasts of shale, dolomite and chert.  Facies 2 is a lag deposited from the 
melt-out of coarse debris within the ice and the calving of the sides of the basin during the 
formation of the basin. 
 The laminated silt sediment (facies 3) is rhythmically-bedded and each lamination had a median 
grain size of medium or coarse silt, though some ranged from clay to very fine sand.  The clay 
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mineralogy signature is similar to that of the diamicton, indicating that it originated from a 
reworked local source.  There is no evidence of bedforms and limited scouring within the laminae 
and the base of this facies contained a high amount of fossil material.  Facies 3 is interpreted as 
lake sediment mainly deposited by hypopycnal density currents.  The settling of the grains is 
probably short term (i.e. not yearly), due to the settling time of silt.   
 The laminated sandy silt sediment (facies 4) is very similar to facies 3 but had thick (0.01- 0.04 
m) sand beds within the rhythmically-bedded silt and clay.  The clay mineralogy was slightly 
higher in expandable clays than the laminated silt facies, but due to the transformation of chlorite 
to vermiculite during weathering.  Plant material was absent from this facies because weathering 
of the sediment destroyed all plant fossils, meaning that this sediment could not be dated.  Facies 
4 is also interpreted as lake sediment but deposition was through a combination of hypopycnal 
flows and hyperpycnal density currents generated the cross-bedding and scouring.  Deposition 
probably also occurred short term and this facies may indicate a time of rapid melting before 
inversion. 
 Facies 5 represents a loess cap.  The signature from the clay mineralogy is high in expandable 
clays which is common in Illinois loess deposits.  Coarse silt in loess deposits indicates that it 
was deposited close to the alluvial source, which is thought to have been the Fox River Valley. 
A model has been presented (Figure 4.1) for a low-relief IWLP in northeastern Illinois.  The 
model concentrates on the possible moraine formations and types of initiation of depressions of the lake 
basin.  The rhythmically-bedded lake facies were mainly deposited by hypopycnal density currents with 
more infrequent hyperpycnal density currents.  The final stages represent topographical inversion of the 
IWL and deposition of the Peoria Silt.   
5.1 FUTURE WORK 
5.1.1 3-D Analysis of Basin 
 Taking cores in a cross-section across the lake basin has proven important in the analysis of the 
lake shape.  It is evident that the base of the IWLP is not of a consistent depth and varies from place to 
place (Figure 3.1).  One issue with the cross-section (Figure 3.1) is the shape of the depressions on the 
glacial bed, whose formation by moulins would be consistent with a broad, shallow, semi-circular 
depression.  Depressions that are shaped like a moat simply imply a genesis consistent with a single-point 
source of erosion such as a “classic” moulin.  This issue could be addressed with data from a cone 
penetrometer which rapidly measures the vertical pushing resistance using a Power Probe; no cores are 
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necessary.  It is important to understand the shape of the bottom considering that other processes may 
occur; an example is seen from the subglacial squeezing within the middle core.  More coring transects 
could be taken across different parts of the IWLP to determine if the deep divot at the edge of the IWLP is 
consistent around the whole perimeter or if it is a localized texture and could also assist in visualization of 
the divots found within the cross-section of this study.  The information collected from the various 
transects could be used to create a 3-D model of the basin, which may help better understand the initial 
processes of formation. 
 
5.1.2 Modern Analogs 
 Very little study has been conducted on modern analogs of IWL‟s.  By observing the depositional 
processes within modern environments, a better picture may emerge as to how these features actually 
develop.  The deposition and water discharge could be measured for one year to determine how annual 
the deposits are and to observe the processes occurring within the lake but this may be logistically 
difficult.  This study could occur within Siberia, Alaska, or the Mackenzie Delta in Canada because the 
IWLs in these regions have developed on remnant ice sheets.   
 
5.1.3 Physical Modeling in the Laboratory 
 A physical model could be created within the laboratory to test if deposition by the types of 
density currents discussed herein is possible in order to form the deposits seen within the cores.  The 
model could also help determine the best type of point source for the deposit; does the water move into 
the lake beneath the subsurface or does it flow into the lake from the surface.  The model could be created 
with the proper water temperature of 4
o
C, which is known from the ostracodes found within the sediment.  
Experiments should take into consideration that the lake may be “ice covered” for most of the year, which 
will affect the deposition within the lake.  Settling velocities and current velocities could also be 
determined within the model. 
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APPENDIX A: CORE DESCRIPTIONS AND STRATIGRAPHIC 
LOGS 
A.1 CORE DESCRIPTIONS 
NEW 09-02: Core description 
Depth (m)/Horizon Characteristics 
0-0.21   Silt loam; somewhat firm; dark grayish brown (10YR 4/2); coarse blocky 
Ap   structure; plow layer; clear, smooth lower boundary; leached. 
 
0.21-0.57  Silty clay loam; firm; dark yellowish brown (10YR 4/4); medium to  
B1   coarse subangular blocky structure; argillans: thin, discontinuous; silans;  
   roots; few distinct mottles; few fine black (10YR 2/1)    
   organo-sesquioxide concretions concretions; abrupt, smooth lower boundary; 
   leached. 
 
0.57-1.00  Silty clay loam; firm; dark yellowish brown (10YR 4/4); medium to  
B2t   coarse subangular blocky structure; argillans: thick to very thick (3mm),  
   continuous; common prominent yellowish brown (10YR 5/8) to gray  
   (10YR 5/1) mottles; few fine black (10YR 2/1) organo-sesquioxide concretions 
   concretions; abrupt, smooth lower boundary; leached. 
 
1.00-1.21  Silty clay loam; firm; dark yellowish brown (10YR 4/4); medium to  
B21tk   coarse subangular blocky structure; argillans: thick to very thick (3mm),  
   continuous; common prominent yellowish brown (10YR 5/8) to gray  
   (10YR 5/1) mottles; few fine black (10YR 2/1) organo-sesquioxide concretions 
   concretions; few calcite nodules (1mm); abrupt, smooth lower   
   boundary. 
 
1.21-1.42  Silt loam; somewhat firm; yellowish brown (10YR 5/6); medium to  
B22   coarse granular structure; argillans: thick to very thick (3mm),   
   continuous; common prominent brownish yellow (10YR 6/8) to gray  
   (10YR 6/1) mottles; few black (10YR 2/1) organo-sesquioxide concretions 
   concretions; relict root tubules; abrupt, smooth lower boundary. 
 
1.42-1.52  Core loss. 
1.52-1.90  Silt loam; somewhat firm; yellowish brown (10YR 5/6); medium to  
B23   coarse granular structure; argillans: thick to very thick (3mm),   
   continuous; common prominent brownish yellow (10YR 6/8) to gray  
   (10YR 6/1) mottles; few black (10YR 2/1) organo-sesquioxide concretions 
   concretions; relict root tubules; abrupt, smooth lower boundary. 
 
1.90-2.05  Silt loam; friable; yellowish brown (10YR 5/6); medium to coarse   
C1   granular structure; very few black (10YR 2/1) organo-sesquioxide concretions 
   concretions; abrupt, smooth lower boundary. 
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2.05-2.69  Heavy silt loam; friable; light olive brown (2.5Y 5/4); very fine to fine  
IIC2g   grained sand; oxidized; faint rhythmically bedded; argillans: thin, discontinuous; 
   common prominent brownish yellow (10YR 6/8) to gray (2.5Y 6/1)  
   mottles; few black (10YR 2/1) organo-sesquioxide concretions concretions; 
   abrupt, smooth lower boundary. 
 
2.69-3.03  Heavy silt loam; friable; light olive brown (2.5Y 5/6); very fine to fine  
IIC21kg  grained sand; oxidized; rhythmically bedded (4mm): top layer, silt loam light 
   olive brown (2.5Y 5/4) to bottom layer, very fine sand yellowish brown (10YR 
   5/8); argillans: thin, discontinuous; calcite nodules (0.02 m); few black  
   (10YR 2/1) organo-sesquioxide concretions concretions; abrupt, smooth lower 
   boundary. 
 
3.03-3.04  Core loss. 
3.04-4.04  Heavy silt loam; friable; light yellowish brown (2.5Y 6/3); very fine to  
IIC22g   fine grained sand; oxidized/unoxidized; rhythmically bedded (0.01 m); few black 
   (10YR 2/1)organo-pyrite concretions; few calcite nodules; abrupt,  
   smooth lower boundary. 
 
4.04-4.44  Washed Sample. 
4.44-4.57  Core loss. 
4.57-5.41  Heavy silt loam; friable; olive gray (5Y 5/2); very fine to fine grained sand  
IID   sand; rhythmically bedded (0.01 m); smeared black (10YR 2/1) organo-pyrite 
layers. 
 
5.41-5.55  Washed Sample. 
5.55-6.09  Core loss. 
6.09-6.18  Heavy silt loam; friable; olive gray (5Y 5/2); very fine to fine grained sand  
IID   sand; rhythmically bedded deformed from coring; smeared black (10YR 2/1) 
   organo-pyrite layers. 
 
6.18-6.48  Heavy silt loam; friable; olive gray (5Y 5/2); very fine to fine grained sand  
IID   sand; rhythmically bedded (0.01 m); smeared black (10YR 2/1) organo-pyrite 
   layers. 
 
6.37-6.45  **Thin Section** 
6.48-6.52  Washed Sample. 
6.52-6.65  Heavy silt loam; friable; olive gray (5Y 5/2); very fine to fine grained sand  
IID   sand; rhythmically bedded (0.01 m); smeared black (10YR 2/1) organo-pyrite 
layer. 
 
6.65-6.85  Core loss. 
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NEW 09-02B: Core description 
(upper 2.28 m were not described) 
2.28-2.82  Heavy silt loam; friable; light olive brown (2.5Y 5/4); very fine to fine  
IIC2g   grained sand; oxidized; faint rhythmically bedded; argillans: thin, discontinuous; 
   common prominent brownish yellow (10YR 6/8) to gray (2.5Y 6/1)  
   mottles; common black (10YR 2/1) organo-sesquioxide concretions concretions; 
   abrupt, smooth lower boundary. 
 
2.82-3.15  Heavy silt loam; friable; light olive brown (2.5Y 5/6); very fine to fine  
IIC21kg  grained sand; oxidized; rhythmically bedded (1cm): top layer, silt loam light 
olive   brown (2.5Y 5/4) to bottom layer, very fine sand yellowish brown (10YR 
   5/8); calcite nodules (0.02 m); common black (10YR 2/1) organo/  
   sesquioxide concretions concretions; abrupt, smooth lower boundary. 
 
3.15-3.29  Washed sample. 
3.29-3.80  Core loss. 
3.80-3.98  Washed sample. 
3.98-4.54  Heavy silt loam; friable; light yellowish brown (2.5Y 6/3); very fine to  
IIC2g   fine grained sand; oxidized; rhythmically bedded (0.01 m); few black (10YR 
   2/1)organo-pyrite concretions; few calcite nodules; abrupt, smooth  
   lower boundary. 
 
4.54-4.94  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IIC3g   rhythmically bedded (0.01 m); one thick (0.02 m) oxidized sand layer; organo-
pyrite   smeared layers; abrupt, smooth lower boundary. 
 
4.81-4.89  **Thin Section** 
4.94-5.09  Washed Sample. 
5.09-5.32  Core loss. 
5.32-6.25  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded (0.02 m); smeared black (10YR 2/1) organo-pyrite layers. 
 
5.72-5.80  **Thin Section** 
6.25-6.38  Washed Sample. 
6.38-6.84  Core loss. 
NEW 09-03: Core description 
0-0.20   Silt loam; somewhat firm; dark grayish brown (10YR 4/2); medium to  
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Ap   coarse granular structure; plow layer; clear, smooth lower boundary;  
   leached. 
 
0.20-0.35  Silty clay loam; firm; dark gray (2.5Y 4/1); coarse subangular blocky  
Ap   structure; medium to very coarse gravel (2mm- 0.04 m); fill; abrupt,  
   smooth lower boundary; leached. 
 
0.35-0.60  Silty clay loam; firm; yellowish brown (10YR 5/4); medium to coarse  
B1   subangular blocky structure; argillans: thin, discontinuous; abrupt,  
   smooth lower boundary; leached. 
 
0.60-1.00  Silty clay loam; firm; dark yellowish brown (10YR 4/4); medium to  
B1   coarse subangular blocky structure; argillans: thin, continuous; common  
   fine black (10YR 2/1) organo-sesquioxide concretions concretions; abrupt, 
   smooth lower boundary. 
 
1.00-1.28  Silt loam; somewhat firm; brown (10YR 4/3); coarse granular structure;  
C1   argillans: thin, discontinuous; common black (10YR 2/1)   
   organo-sesquioxide concretions concretions; abrupt, smooth lower boundary; 
   leached. 
 
1.28-1.52  Core loss. 
1.52-2.44  Heavy Silt loam;friable; light olive brown (2.5Y 5/6); very fine to fine  
IIC21kg  grained sand; faint rhythmically bedded (0.02 m); few calcite nodules (8mm); 
   few black (10YR 2/1) organo-sesquioxide concretions concretions; abrupt, 
   smooth lower boundary. 
 
2.44-2.72  Heavy silt loam; friable; light olive brown (2.5Y 5/4); very fine to fine  
IIC21kg  grained sand; oxidized; faint rhythmically bedded (0.01 m): light yellowish 
   brown (2.5Y 6/4) (top) to yellowish brown (10YR 5/8) (bottom); calcite nodules 
   (0.01 m); few black (10YR 2/1) organo-sesquioxide concretions concretions; 
   abrupt, smooth lower boundary. 
 
2.72-2.76  Washed sample. 
2.76-3.04  Core loss. 
3.04-4.02  Heavy silt loam; friable; light olive brown (2.5Y 5/4); very fine to fine  
IIC2g   grained sand; oxidized; rhythmically bedded (1.5cm); common black (10YR 2/1) 
   organo-pyrite concretions; thick (1-4cm) oxidized sand beds; abrupt,  
   smooth lower boundary. 
 
3.37-3.45  **Thin Section** 
4.02-4.36  Heavy silt loam; friable; light olive brown (2.5Y 5/4); very fine to fine  
IIC2g   grained sand; oxidized/unoxidized; rhythmically bedded (0.02 m); few black 
   (10YR 2/1)organo-pyrite concretions; abrupt, smooth lower boundary. 
 
4.36-4.40  Washed sample. 
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4.40-4.56  Core loss. 
4.56-5.37  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded (1-0.02 m); thick (4cm) oxidized sand layers; smeared black 
   (10YR 2/1) organo-pyrite layers. 
 
4.64-4.72  **Thin Section** 
5.37-5.43  Washed Sample. 
5.43-6.08  Core loss. 
6.08-6.20  Washed sample. 
6.20-6.29  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded deformed from coring; smeared black (10YR 2/1)  
   organo-pyrite layers. 
 
6.29-7.38  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded (0.01 m); smeared black (10YR 2/1) organo-pyrite layers. 
 
7.38-7.60  Core loss. 
7.60-7.76  Washed sample. 
7.76-8.97  Core loss. 
8.97-9.63  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded (0.01 m); smeared black (10YR 2/1) organo-pyrite layers. 
 
9.63-9.72  Washed sample. 
9.72-10.03  Core loss. 
10.03-10.19  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded deformed from coring; smeared black (10YR 2/1) organo 
   pyrite layers. 
 
10.19-10.58  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded (0.01 m); smeared black (10YR 2/1) organo-pyrite layers. 
 
10.28-10.36  **Thin Section** 
10.58-10.82  Washed sample. 
10.82-10.89  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded deformed from coring; smeared black (10YR 2/1)  
   organo-pyrite layers. 
 
10.89-11.40  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
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IID   rhythmically bedded (0.01 m); smeared black (10YR 2/1) organo-pyrite layers. 
 
11.40-11.48  Washed sample. 
11.48-11.63  Core loss. 
11.63-12.29  Washed sample. 
NEW 09-03B: Core description 
(upper 2.43 m were not described) 
2.43-3.42  Heavy silt loam; friable; light olive brown (2.5Y 5/4); very fine to fine  
IIC21kg  grained sand; oxidized; faint rhythmically bedded (2-4cm); thick (1-3cm) 
   oxidized sand beds; calcite nodules (0.01 m); few black (10YR 2/1) organo 
   sesquioxide concretions concretions; abrupt, smooth lower boundary. 
 
3.42-3.72  Heavy silt loam; friable; light olive brown (2.5Y 5/4); very fine to fine  
IIC2g   grained sand; oxidized; faint rhythmically bedded (0.02 m); thick (3cm) oxidized 
   sand beds; few black (10YR 2/1) organo-sesquioxide concretions concretions; 
   abrupt, smooth lower boundary. 
 
3.72-3.86  Washed sample. 
3.86-3.95  Core loss. 
3.95-4.15  Heavy silt loam; friable; light olive brown (2.5Y 5/4); very fine to fine  
IIC2g   grained sand; oxidized; rhythmically bedded (0.02 m); common black (10YR 
   2/1) organo-pyrite concretions; abrupt, smooth lower boundary. 
 
4.15-4.93  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded (1-0.02 m); thick (4cm) oxidized sand layers; smeared black 
   (10YR 2/1) organo-pyrite layers. 
 
4.93-5.07  Washed sample. 
5.07-5.48  Core loss. 
5.48-5.52  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded deformed from coring; smeared black (10YR 2/1)  
   organo-pyrite layers. 
 
5.52-6.20  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded (0.01 m); smeared black (10YR 2/1) organo-pyrite layers. 
 
6.20-6.34  Washed sample. 
6.34-6.85  Core loss. 
6.85-6.97  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
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IID   rhythmically bedded deformed from coring; smeared black (10YR 2/1)  
   organo-pyrite layers. 
 
6.97-7.38  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded (0.01 m); smeared black (10YR 2/1) organo-pyrite layers. 
 
7.38-7.52  Washed Sample. 
7.52-7.62  Core loss. 
7.62-7.78  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded deformed from coring; smeared black (10YR 2/1)  
   organo-pyrite layers. 
 
7.78-8.35  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded (0.01 m); smeared black (10YR 2/1) organo-pyrite layers. 
 
8.04-8.12  **Thin Section** 
8.35-8.53  Core loss. 
8.53-8.68  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded deformed from coring; smeared black (10YR 2/1)  
   organo-pyrite layers. 
 
8.68-9.11  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded (1-0.02 m); smeared black (10YR 2/1) organo-pyrite layers. 
 
9.11-9.14  Core loss. 
9.14-9.39  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded deformed from coring; smeared black (10YR 2/1)  
   organo-pyrite layers. 
 
9.39-10.00  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded (0.01 m); smeared black (10YR 2/1) organo-pyrite layers. 
 
10.00-10.05  Core loss. 
10.05-11.58  No core taken. 
11.58-12.15  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID   rhythmically bedded deformed from coring; smeared black (10YR 2/1)  
   organo-pyrite layers. 
12.15-12.29  Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand sand;  
IID    rhythmically bedded (5mm-0.01 m); smeared black (10YR 2/1) organo-pyrite  
layers. 
12.29-12.38  Heavy silt loam; friable, gray (5Y 5/1); very fine to coarse grained sand;  
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IID   vaguely laminated coarse to very coarse sand; smeared black (10YR 2/1)  
   organo-pyrite layers. 
 
12.30-12.38  **Thin Section** 
NEW 09-04: Core description 
0-0.15   Silt loam; Dark brown (10YR 3/3); fine granular structure; cultivated; abrupt 
Ap   smooth lower boundary. 
 
0.15-0.40  Silt clay loam; Brown (10YR 3/6), fine subangular blocky structure; Dark brown 
Bt1   (10YR 3/3) silans on peds; Very dark grayish brown (10YR 3/2) argillans on 
   peds; many (25%) black (10YR 2/1) Fe-Mn concretions; leached; Abrupt  
   smooth lower boundary. 
0.40-1.00  Silt clay loam; Dark yellowish brown (10YR 4/4); fine subangular blocky 
Bt2   structure; argillans on peds; common black (10YR 2/1) Fe-Mn concretions; 
   leached; gradual smooth lower boundary. 
1.00-1.29  Silt clay loam; Brown (10YR 4/3); fine subangular blocky structure; argillans on 
Bt3   peds and root tubes; few black (10YR 2/1) Fe-Mn concretions; leached;  
   abrupt smooth lower boundary 
 
1.29-2.01  Silt loam; Yellowish brown (10YR 5/6); fine sub prismatic structure; silans on 
2Bt4   peds; argillans in relic root tubes; leached; abrupt smooth lower boundary. 
2.01-2.51  Silt loam; Light olive brown (2.5Y 5/6); fine granular structure; rhythemitic 
2C   bedding; common calcite nodules (0.01-0.02 m); not leached; abrupt smooth 
   lower boundary. 
2.51-2.77  Core loss. 
2.77-3.02 Heavy Silt loam; Olive yellow (2.5Y 6/6); Very fine to fine grained sand; 
rhythmically bedded; oxidized; deformed less than 0.1 m; gradual smooth lower 
boundary. 
 
3.02-3.60  Heavy silt loam; Grayish brown (2.5Y 5/2); Very fine to fine grained sand; 
   rhythmically bedded; oxidized intervals: very fine sand, olive yellow (2.5Y 6/6) 
   and silt, grayish brown (2.5Y 5/2); unoxidized intervals: gray (2.5Y 5/1), about 
   0.04 m thick, 30% gray; Calcite nodules; gradual smooth lower boundary. 
 
3.60-4.08  Heavy silt loam; Grayish brown (2.5Y 5/2); Very fine to fine grained sand; 
   rhythmically bedded; oxidized intervals: very fine sand, olive yellow (2.5Y 6/6) 
   and silt, grayish brown (2.5Y 5/2); unoxidized intervals: gray (2.5Y 5/1), about 
   0.04 m thick, 30% gray; gradual smooth lower boundary. 
 
4.08-4.27  Core loss.  
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4.27-4.59  Heavy silt loam; Grayish brown (2.5Y 5/2); Very fine to fine grained sand; 
   rhythmically bedded; abrupt smooth lower boundary. 
 
4.59-5.44  Heavy silt loam; Dark grayish brown (2.5Y 4/2); Very fine to fine grained sand; 
   rhythmically bedded; clear smooth lower boundary. 
 
5.44-5.79  Core loss. 
 
5.79-6.19 Heavy silt loam; Dark grayish brown (2.5Y 4/2); Very fine to fine grained sand; 
rhythmically bedded; few black (10YR 2/1) organo/sesquioxide concretions; 
clear smoothlower boundary. 
 
6.19-6.38 Heavy silt loam; Dark grayish brown (2.5Y 4/2); Very fine to fine grained sand; 
uniform; abrupt smooth lower boundary. 
 
6.38-6.42  Sandy gravel; Dark grayish brown (2.5Y 4/2); maximum clast size 0.01 m. 
 
6.42-6.45.5  Sand and gravel. 
 
6.45.5-6.60 Diamicton; Sandy loam; Dark gray (2.5Y 4/1); massive; blobs of silty clay; 
abrupt wavy lower boundary. 
 
6.60-6.66  Diamicton; Sandy loam; Brown (7.5YR 5/3); hard; abrupt smooth lower  
   boundary. 
 
6.66-6.72  Diamicton; Sandy loam; Brown (7.5YR 5/3); hard; large clast at base; abrupt 
   smooth lower boundary. 
 
6.72-6.80  Diamicton; Sandy loam; Brown (7.5YR 5/3); hard; abrupt smooth lower  
   boundary. 
 
6.80-6.83  Diamicton; Sandy clay loam; Dark gray (2.5Y 4/1); massive; abrupt wavy lower 
   boundary. 
 
6.83-6.91 Diamicton; Sandy clay loam; Dark gray (2.5Y 4/1); massive; abrupt wavy lower 
boundary. 
 
6.91-7.10  Diamicton; Sandy loam; Dark gray (2.5Y 4/1); massive. 
 
7.10-7.31  Core loss. 
 
7.31-7.70 Diamicton; Sandy loam; Gray (2.5Y 5/1); massive; Olive (5Y 5/4) deoxidized 
patina on peds; clear smooth lower boundary. 
 
7.70-8.70  Diamicton; Sandy loam; Dark gray (2.5Y 4/1); massive; finer than above. 
 
8.70-8.80  Gravel and very coarse sand; Dark gray (2.5Y 4.5/1); silty binder. 
8.80-8.83  Core loss. 
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NEW 09-05: Core Description 
0-0.23   Silt loam; olive yellow (2.5 6/6); plow layer; fill. 
0.23-0.42  Silt loam; somewhat firm; very dark gray (10YR 3/1); coarse granular structure; 
   plow layer; abrupt smooth lower boundary; leached. 
0.42-0.60  Silty clay loam; somewhat firm; grayish brown (10YR 5/2); medium subangular 
   blocky structure; argillans: thin, discontinuous; abrupt smooth lower boundary; 
   leached. 
0.60-1.65 Silty clay loam; somewhat firm; olive brown (2.5Y 4/4); coarse subangular 
blocky structure; argillans: thin, discontinuous; few black (10YR 2/1) 
sesquioxide concretions; common mottles of yellowish brown (10YR 5/8) to dark 
gray (10YR 4/1); leached. 
1.65-2.50cm Heavy silt loam; somewhat firm; yellowish brown (10YR 5/6); oxidized; very 
fine to fine grained sand; rhythmically bedded not visible; argillans in relic root 
tubes; possible fill. 
2.50-2.74cm  Core loss. 
2.74-3.73cm Heavy silt loam; somewhat firm; light olive brown (2.5Y 5/6); oxidized; Very 
fine to fine grained sand; rhythmically bedded; clear smooth lower boundary. 
3.73-3.84cm  Medium to coarse sand and gravel; light olive brown (2.5Y 5/6); oxidized; clear 
   smooth lower boundary. 
3.84-3.90.02 m  Diamicton; Heavy silt loam; firm; olive brown (2.5Y 4/3); massive; 5% fine to 
   very fine gravel; Gradual smooth lower boundary. 
3.92-4.00.02 m  Diamicton; Heavy silt loam; firm; dark grayish brown (10YR 3/2); massive; 5% 
   fine to very fine gravel. 
4.02-4.26  Core loss. 
4.26-4.60.01 m  Diamicton; Heavy silt loam; firm; olive brown (2.5Y 4/3); massive; 5% fine to 
   very fine gravel. 
4.61-4.75cm  Coarse sand; friable; dark grayish brown (2.5Y 4/2); stratified. 
4.75-4.84cm  Medium to coarse sand and gravel; friable; dark grayish brown (2.5Y 4/2); 
   stratified. 
4.84-4.90cm  Coarse sand; friable; dark grayish brown (2.5Y 4/2); stratified. 
4.90-5.05cm  Core loss. 
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NEW 09-06: Core Description 
0-0.20   Silt loam; somewhat firm; dark olive gray (5Y 3/2); coarse subangular blocky 
   structure; plow layer; abrupt smooth lower boundary; leached. 
0.20-0.53cm  Silty clay loam; somewhat firm; light olive gray (2.5Y 5/3); medium to coarse 
   subangular blocky structure; argillans: thin, discontinuous; gradual smooth 
   lower boundary; leached. 
0.53-1.20.01 m  Silty clay loam; somewhat firm; dark yellowish brown (10YR 4/4); few black 
   (10YR 2/1) sesquioxide concretions; coarse subangular blocky structure;  
   argillans: thick, continuous; leached. 
1.21-1.66cm  Heavy silt loam; friable; light olive brown (2.5Y 5/6); oxidized; very fine to fine 
   grained; rhythmically bedded deformed/liquefied from coring; abrupt smooth 
   lower boundary; leached. 
1.66-2.60.01 m  Heavy silt loam; friable; light olive brown (2.5Y 5/6); oxidized, very fine to fine 
   grained; rhythmically bedded; deformed 10cm; few calcite nodules (0.01 m). 
2.61-2.74cm  Core loss. 
2.74-3.28cm  Heavy silt loam; friable; brownish yellow (10YR 6/6); oxidized; very fine to fine 
   grained; rhythmite.  
3.28-4.08cm  Heavy silt loam; friable; light gray (2.5Y 5/1); very fine to fine grained sand; 
   rhythmite (5cm). 
4.08-4.26cm  Core loss. 
4.26-5.60cm Heavy silt loam; friable; gray (2.5Y 5/1); very fine to fine grained sand; 
rhythmite. 
5.60-5.79cm  Core loss. 
5.79-7.19cm Heavy silt loam; friable; dark gray (5Y 4/1); very fine to fine grained sand; 
rhythmically bedded; deformed 5 to 10cm; common black (10YR 2/1) 
organo/pyrite layers. 
7.19-7.30.02 m  Core loss. 
7.32-7.83cm  Heavy silt loam; friable; olive (5Y 5/2); very fine to fine grained sand; rhythmite; 
   transitional lower boundary. 
7.83-7.94cm  Heavy silt loam; friable; olive (5Y 5/2); very fine to fine grained sand; rhythmite; 
   transitional. 
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7.94-8.20.02 m  Heavy silt loam; friable; olive (5Y 5/2); very fine to fine grained sand; rhythmite; 
  few black (10YR 2/1) organo/sesquioxide concretions; deformation of  
  laminations 1-3cm. 
8.22-8.66cm Sand; friable; olive (5Y 5/2); very fine to fine grained sand; few black (10YR 
2/1) organo/sesquioxide concretions 
8.66-8.84cm  Core loss. 
8.84-9.69cm  Heavy silt loam; friable; olive (5Y 5/2); very fine to fine grained sand; rhythmite; 
   few black (10YR 2/1) organo/sesquioxide concretions; deformation of  
   laminations 10cm. 
9.69-9.98cm  Sandy gravel; Dark grayish brown (2.5Y 4/2); abrupt smooth lower boundary. 
9.98-10.10cm  Sand and gravel; max clast 2 x 1.5 x 1.5 cm of dolomite. 
10.10-10.26cm  Diamicton; Silty clay loam; firm; vaguely deoxidized. 
10.26-10.36cm  Core loss. 
10.36-11.79cm  Diamicton; silty clay loam; firm; dark grayish brown (2.5Y 4/2); massive; 10% 
   fine gravel; max clast size 0.02 m. 
11.79-11.88cm  Core loss. 
NEW 09-07: Core Description 
0-0.21   Silt loam; somewhat firm; dark gray (2.5Y 4/1); medium granular structure; 
   plow layer; clear smooth lower boundary; leached. 
0.21-0.37cm  Silty clay loam; somewhat firm; light olive brown (2.5Y 5/3); medium  
   subangular blocky structure; argillans: thin, discontinuous; abrupt smooth lower 
   boundary; leached. 
0.37-1.20.01 m  Silty clay loam; somewhat firm; brown (10YR 5/3); coarse subangular blocky 
   structure; argillans: thin, continuous; common black (10YR 2/1) sesquioxide 
   concretions; abrupt smooth lower boundary; leached. 
1.21-1.27cm  Silty clay loam; somewhat firm; grayish brown (10YR 4/3); coarse subangular 
   blocky structure; argillans: thin, discontinuous; abrupt smooth lower boundary; 
   leached. 
1.27-1.60cm  Silty clay loam; somewhat firm; brown (10YR 4/3); coarse subangular blocky 
   structure; argillans: thin, discontinuous; abrupt smooth lower boundary;  
   leached. 
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1.60-2.50.01 m Heavy silt loam; somewhat firm; yellowish brown (10YR 5/6); oxidized; very 
fine to fine grained sand; rhythmically bedded; deformed 10cm; few calcite 
nodules. 
2.51-2.74cm  Core loss. 
2.74-3.38cm  Heavy silt loam; somewhat firm; yellowish brown (10YR 5/6); very fine to fine 
   grained; rhythmically bedded; deformed 5cm; abrupt smooth lower boundary. 
3.38-4.16cm  Heavy silt loam; somewhat firm; dark gray (5Y 4/1); very fine to fine grained 
   sand; rhythmically bedded; deformed 5cm; many black (10YR 2/1) organo/pyrite 
   layers. 
4.16-4.26cm  Core loss. 
4.26-4.56cm  Heavy silt loam; friable; dark grayish brown (2.5Y 4/2); very fine to fine grained 
   sand; rhythmite; few black (10YR 2/1) organo/sesquioxide concretions;  
   deformation of laminations 10cm; clear smooth lower boundary. 
4.56-4.70.01 m  Heavy silt loam; friable; dark grayish brown (2.5Y 4/2); very fine to fine grained 
   sand; rhythmite; few black (10YR 2/1) organo/sesquioxide concretions. 
4.71-4.90cm  Sand; friable; yellowish brown (10YR 5/6); medium to coarse grained;  
   laminated; deformation 0.02 m; clear smooth lower boundary. 
4.90-4.98cm  Sand; friable; olive gray (5Y 4/2); vaguely stratified. 
4.98-5.00cm  Gravel lag; max clast size 3 x 1 cm 
5.00-5.74cm Diamicton; Heavy silt loam; firm; dark grayish brown (2.5Y 4/2); 5% very fine 
to fine gravel. 
5.74-5.79cm  Core loss. 
5.79-7.10cm  Diamicton; silty clay loam; firm; dark gray (5Y 4/1); massive; 7% gravel clasts; 
   max clast size 3cm; few coarse sand and gravel lenses. 
7.10-7.30.01 m  Core loss. 
NEW 09-08: Core Description 
0-0.16   Silt loam; somewhat firm; dark gray (10YR 4/1); medium granular structure; 
   plow layer; abrupt smooth lower boundary; leached. 
0.16-0.30.02 m  Silty clay loam; somewhat firm; dark grayish brown (2.5Y 4/2); coarse  
   subangular blocky structure; medium to coarse gravel; fill; abrupt smooth lower 
   boundary; leached. 
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0.32-1.17cm  Silty clay loam; somewhat firm; brown (10YR 4/3); coarse subangular blocky 
   structure; argillans: thin, discontinuous; few black (10YR 2/1) sesquioxide 
   concretions; abrupt smooth lower boundary; leached. 
1.17-1.20.01 m  Core loss. 
1.21-1.33cm Heavy silt loam; somewhat firm; light olive brown (2.5Y 5/4); oxidized; very 
fine to fine grained sand; faint rhythmically bedded; abrupt smooth lower 
boundary; leached. 
1.33-2.60.02 m Heavy silt loam; somewhat firm; light olive brown (2.5Y 5/4); oxidized; very 
fine to fine grained sand; rhythmically bedded deformed 5cm; few calcite 
nodules. 
2.62-2.74cm  Core loss. 
2.74-3.58cm Heavy silt loam; friable; very pale brown (10YR 7/2); very fine to fine grained 
sand; rhythmite. 
3.58-3.90cm  Heavy silt loam; friable; gray (2.5Y 7.5/2); very fine to fine grained sand; 
   rhythmite. 
3.90-4.26cm  Core loss. 
4.26-5.48cm  Heavy silt loam; somewhat firm; dark gray (5Y 4/1); very fine to fine grained 
   sand; rhythmically bedded; deformed 10cm; few black (10YR 2/1) organo/pyrite 
   layers. 
5.48-5.63cm  Heavy silt loam; somewhat firm; dark gray (5Y 4/1); very fine to fine grained 
   sand; rhythmically bedded; liquified; few black (10YR 2/1) organo/pyrite layers. 
5.63-5.79cm  Core loss. 
5.79-6.09cm  Heavy silt loam; somewhat firm; dark gray (5Y 4/1); very fine to fine grained 
   sand; rhythmically bedded; liquified; common black (10YR 2/1) organo/pyrite 
   layers. 
6.09-7.19cm Heavy silt loam; somewhat firm; dark gray (5Y 4/1); very fine to fine grained 
sand; rhythmically bedded; deformed 3-5cm; common black (10YR 2/1) 
organo/pyrite layers. 
7.19-7.30.01 m  Core loss. 
7.31-8.70.01 m  Heavy silt loam; somewhat firm; dark gray (5Y 4/1); very fine to fine grained 
  sand; rhythmically bedded; deformed 5cm; common black (10YR 2/1)  
  organo/pyrite layers. 
8.71-8.83cm  Core loss. 
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8.83-10.25cm  Heavy silt loam; somewhat firm; dark gray (5Y 4/1); very fine to fine grained 
   sand; rhythmically bedded; deformed 5cm; many black (10YR 2/1) organo/pyrite 
   layers. 
10.25-10.36cm  Core loss. 
10.36-11.50.02 m Heavy silt loam; friable; gray (5Y 5/1); very fine to fine grained sand;  
   rhythmite (0.01 m); smeared black (10YR 2/1) organo/ pyrite layers. 
11.52-11.58cm  Diamicton; Heavy silt loam; Dark grayish brown (2.5Y 4/2); 7% fine to very fine 
   gravel. 
11.58-11.88cm  Core loss. 
11.88-12.84cm  Diamicton; Heavy silt loam; Dark grayish brown (2.5Y 4/2); 7% fine to very fine 
   gravel. 
12.84-12.90.01 m Clean coarse sand and gravel; gravel clast mostly local shale and dolomite. 
12.91-13.40.01 m Core loss. 
NEW 09-09: Core description 
0-0.29 Silt loam; Very dark brown (10YR 2/2); fine granular structure; cultivated; 
Ap abrupt smooth lower boundary. 
 
0.29-1.14cm  Silt clay loam; Dark yellowish brown (10YR 3/6), fine subangular blocky 
Bt structure; Dark brown (10YR 3/3) silans on peds; Very dark grayish brown 
(10YR 3/2) argillans within root tubes; Many (25%) black (10YR 2/1) Fe-Mn 
concretions; leached; Gradual smooth lower boundary. 
 
1.14-1.30.02 m  Silt loam; Light olive brown (2.5Y 5/4); Fine subangular blocky structure; Olive 
2Bt   yellow (2.5Y 6/8) silans; root tubular; few (2%) black (10YR 2/1) Fe-Mn 
   smears; leached; clear smooth lower boundary. 
 
1.32-1.79cm  Silty clay loam; Olive brown (2.5Y 4/4); Medium sub-prismatic structure; Dark 
   olive brown (2.5Y 3/3) argillans within relic root tubes; Black (10YR 2/1) 
   common Fe-Mn smears; Strong brown (7.5 YR 5/8) common prominent  
   mottles; leached; clear smooth lower boundary. 
 
1.79-2.29cm  Silt loam; Olive (5Y 5/3); medium to coarse granular structure; common calcite  
2C   nodules (0.01 m to 0.02 m); Brownish yellow (10YR 6/8) silans; not leached; 
   abrupt clear lower boundary. 
 
2.29-2.46cm  Heavy Silt loam; Light olive brown (2.5Y 5/4); Very fine to fine grained sand 
   sand; rhythmically bedded; oxidized; gradual smooth lower boundary. 
 
2.46-2.76cm  Core loss. 
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2.76-3.40.02 m  Heavy Silt loam; Light olive brown (2.5Y 5/4); Very fine to fine grained sand 
   sand; rhythmically bedded; oxidized; gradual smooth lower boundary. 
 
3.42-3.70.02 m  Heavy silt loam; Olive (5Y 5/3); Very fine to fine grained sand sand;  
   rhythmically bedded; transition zone between oxidized and unoxidized; gradual 
   smooth lower boundary. 
 
3.72-4.20cm  Heavy silt loam; Dark grayish brown (2.5Y 4/2); Very fine to fine  
   grained; rhythmically bedded; gradual smooth lower boundary. 
 
4.20-4.30.01 m  Core loss. 
  
4.31-5.59cm Heavy silt loam; Dark grayish brown (2.5Y 4/2); Very fine to fine grained sand 
sand; rhythmically bedded; gradual smooth lower boundary. 
 
5.59-5.79cm  Core loss 
 
5.79-6.20.02 m Heavy silt loam; Dark grayish brown (2.5Y 4/2); Very fine to fine grained sand 
sand; rhythmically bedded; clean smooth lower boundary. 
 
6.22-6.96cm  Sand; Olive gray (5Y 5/2); very fine grain size; vaguely stratified. 
 
        6.22-6.60cm  Did not liquefy; finer than sand below. 
        6.60-6.96cm  Liquefied during sampling; loose fine sand. 
 
6.96-7.07cm  Heavy silt loam; Gray (5Y 5/1.5); very fine to fine grained sand sand; stratified; 
   abrupt upper and lower boundary. 
 
7.07-7.09.5cm  Dolomite clast. 
 
7.09.5-7.20.02 m Diamicton; Sandy loam; Dark grayish brown (2.5Y 4/2); clast supported. 
 
7.22-7.30.01 m  Core loss. 
 
7.31-7.94cm  Diamicton; Sandy loam; Dark grayish brown (2.5Y 4/2); clast supported. 
 
7.94-8.04cm  Dolomite clast and gravel. 
 
8.04-8.60cm  Diamicton; Sandy loam; Dark grayish brown (2.5Y 4/2); clast supported. 
 
8.60-8.83cm  Core loss. 
NEW 09-10: Core description 
0-0.29   Silt loam; somewhat firm; very dark gray (10YR 3/1); coarse subangular blocky 
   structure; plow layer; abrupt smooth lower boundary; leached. 
119 
 
0.29-0.37cm Silty clay loam; somewhat firm; dark grayish brown (10YR 4/2); coarse blocky 
structure; some fine to coarse gravel; fill; abrupt smooth lower boundary; 
leached. 
0.37-1.07cm  Silty clay loam; firm; black (10YR 2/1); coarse blocky structure; 1% very fine 
   gravel; Argillans: thin and discontinuous; clear smooth lower boundary; leached. 
1.07-1.20.01 m Silty clay loam; firm; olive gray (5Y 5/2); coarse blocky structure; argillans: 
thick and discontinuous; few mottles of olive gray (5Y 5/2) and olive yellow 
(2.5Y 6/6); few calcite nodules (0.01 m); abrupt smooth lower boundary. 
1.21-1.53cm Silty clay loam; firm; olive gray (5Y 5/2); coarse blocky structure; argillans: 
thick and discontinuous; few mottles of olive gray (5Y 5/2) and olive yellow 
(2.5Y 6/6); few calcite nodules (0.01 m). abrupt smooth lower boundary. 
1.53-1.56cm  Large dolomite clast. 
1.56-1.63cm  Sand and gravel; dark yellowish brown (10YR 4/4); max clast (0.02 m). 
1.63-1.69cm  Large dolomite clast. 
1.69-2.64cm  Diamicton; Silty clay loam; firm; massive; dark grayish brown (10YR 4/2); 25% 
   very fine to fine gravel; max clast size 0.02 m. 
2.64-2.74cm  Core loss. 
2.74-2.95cm  Diamicton; Silty clay loam; firm; massive; dark gray (2.5Y 4/1); 7% very fine to 
   fine gravel. 
2.95-3.80cm  Diamicton; Heavy silt loam; firm; massive; dark grayish brown (10YR 4/2); 10% 
   very fine to fine gravel. 
3.80-4.00cm  Sand and gravel; dark grayish brown (10YR 4/2). 
4.00-4.26cm  Core loss. 
4.26-5.69cm Diamicton; Silty clay loam; firm; massive; dark gray (2.5Y 4/1); 10% very fine 
to fine gravel; max gravel clast 3cm. 
5.69-5.79cm  Core loss. 
NEW 09-11: Core description 
0-0.27   Silt loam; somewhat firm; black (10YR 4/2); coarse subangular blocky structure; 
   plow layer; abrupt smooth lower boundary; leached. 
0.27-0.40.01 m  Silty clay loam; somewhat firm; dark grayish brown (10YR 4/2); coarse  
   subangular blocky structure; fine to coarse gravel; abrupt smooth lower  
   boundary; fill. 
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0.41-1.06cm Silty clay loam; somewhat firm; olive brown (2.5Y 4/4); coarse subangular 
blocky structure; argillans: thin, continuous; few black (10YR 2/1) sesquioxide 
concretions; abrupt smooth lower boundary; leached. 
1.06-1.20.01 m  Sand; friable; yellowish brown (10YR 5/4); medium to coarse. 
1.21-1.60.02 m  Sandy loam; somewhat firm; light olive brown (2.5Y 5/6); coarse subangular 
   blocky structure; argillans: thin, discontinuous; common mottles of olive yellow 
   (2.5Y 6/6) to gray (5Y 6/1); clear smooth lower boundary. 
1.62-2.30.01 m  Diamicton; silty clay loam; firm; brown (10YR 4/3); massive; 5% fine to coarse 
   gravel; max clast size 3cm; abrupt smooth lower boundary. 
2.31-2.50.02 m  Diamicton; silty clay loam; firm; dark grayish brown (10YR 4/2); massive; 5% 
   very fine to fine gravel. 
2.52-2.74cm  Core loss. 
2.74-3.24cm  Diamicton; silty clay loam; firm; dark grayish brown (10YR 4/2); massive; 5% 
   very fine to fine gravel; abrupt smooth lower boundary. 
3.24-4.15cm Diamicton; silty clay loam; firm; dark gray (5Y 4/1) massive; 3% fine gravel; 
some gravel intervals; max clast size 3cm. 
4.15-4.27cm  Core loss. 
4.27-5.70cm Diamicton; Silty clay loam; firm; dark gray (5Y 4/1); massive; large dolomite 
clast from 510 to 515cm. 
5.70-5.79cm  Core loss. 
5.79-6.20cm Diamicton; silty clay loam; firm; dark gray (5Y 4/1) massive; 3% fine gravel; 
max clast size 0.02 m. 
6.20-6.25cm  Gravel; dolomite. 
6.25-7.28cm  Diamicton; silty clay loam; firm; dark gray (5Y 4/1) massive; 3% fine gravel; 
   max clast size 0.02 m. 
7.28-7.30.01 m  Core loss. 
 
 
 
 
121 
 
A.2 ADDITIONAL STRATIGRAPHIC LOGS 
 
Figure A.1:  Log of sediment type, grain size and contact interpretation for core NEW 09-04. 
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Figure A.2:  Log of sediment type, grain size and contact interpretation for core NEW 09-05. 
 
123 
 
 
Figure A.3:  Log of sediment type, grain size and contact interpretation for core NEW 09-06. 
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Figure A.4:  Log of sediment type, grain size and contact interpretation for core NEW 09-07. 
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Figure A.5:  Log of sediment type, grain size and contact interpretation for core NEW 09-08. 
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Figure A.6:  Log of sediment type, grain size and contact interpretation for core NEW 09-10. 
 
 
Figure A.7:  Log of sediment type, grain size and contact interpretation for core NEW 09-11. 
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APPENDIX B: GRAIN SIZE DATA FROM PIPETTE ANALYSIS 
AND PETROGRAPHY 
B.1 PIPETTE ANALYSIS DATA 
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B.2 PETROGRAPHIC ANALYSIS DATA 
 
 
Figure B.1:  NEW 09-02B B thin section map. 
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Figure B.2:  NEW 09-02B C thin section map. 
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Figure B.3:  Grain size log from thin section NEW 09-02B C.   
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Figure B.4:  NEW 09-02 E thin section map. 
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Figure B.5:  NEW 09-03 C thin section map. 
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Figure B.6:  NEW 09-03 D thin section map. 
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Figure B.7:  NEW 09-03 H thin section map. 
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Figure B.8:  NEW 09-03B H thin section map. 
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APPENDIX C: X-RAY DIFFRACTION DATA 
 
 
Figure C.1:  XRD diffractogram for facies 1. 
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Figure C.2:  XRD diffractogram for facies 3. 
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Figure C.3:  XRD diffractogram for facies 4. 
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Figure C.4:  XRD diffractogram for facies 5. 
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APPENDIX D: SETTLING VELOCITIES 
D.1 SETTLING VELOCITIES FOR QUARTZ GRAINS 
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D.2 SETTLING VELOCITIES FOR DOLOMITE GRAINS 
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